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1.0  INTRODUCTION  AND  SUMMARY 


C.  Martin  Stickley,  Ph.D. 

This  is  the  final  report  to  the  Office  of  Naval  Research  on  contract  N00014-92-C-0123  which  covered  the 
period  of  1  July  1992  -  30  January  1996.  CREOL  has  conducted  research  in  the  area  of  laser  radar  since  about  1987 
when  we  began  such  research  as  a  way  to  provide  direct  and  indirect  support  to  BMDO’s  Innovative  Science  and 
Technology  Experimentation  Facility  (ISTEF)  located  at  Kennedy  Space  Center.  Our  efforts  to  provide  such 
support  have  been  summarized  in  a  number  of  final  reports  to  the  government: 

•  “Study  and  Measurements  of  Turbulence  on  Optical  Systems  Operating  Through  the  Atmosphere”, 
Annual  Report  for  1988. 

•  “Final  Report  to  SDIO/Office  of  Naval  Research”,  Contract  No.  N00014-89-K-0125;  July  1991 

•  “CREOL  Support  to  ISTEF  II”,  final  report  to  BMDO/ONR  on  Contract  No.  N00014-90J-4084; 
March  1993 

•  “CREOL  Support  to  ISTEF  III”,  final  report  to  BMDO/ONR  on  Contract  No.  N00014-9LC-0227; 
August  1993. 

At  the  outset  of  this  fourth  contract,  ISTEF  was  growing  and  maturing  as  a  research  facility,  and  therefore, 
while  the  title  of  this  program  was  ‘CREOL  Support  to  ISTEF  TV’,  less  activity  was  directed  to  providing  such 
‘support’  to  ISTEF  than  in  the  past.  Instead,  the  thrust  of  the  work  was  to  develop  technology  much  like  any  other 
university  contractor,  i.e.  technology  which  would  be  useful  to  the  future  mission  of  BMDO. 

Thus,  the  main  goal  of  our  program  became  one  of  developing  an  understanding  of  a  number  of  basic 
issues  dealing  with  coherent  laser  radars:  how  to  use  multiple  apertures  to  increase  lidar  performance  and  how  to 
design  such  systems;  how  to  deal  with  partially  and  fully  developed  speckle  in  coherent  laser  radar;  the  effect  of 
reciprocal  path  scattering  on  coherent  lidar;  how  to  reconstruct  images  of  a  target  when  one  has  only  information  on 
the  Fourier  transform  magnitude  of  illuminated  object;  and  how  can  large  signal  losses,  which  are  often  observed  in 
coherent  lidar  systems,  be  explained?  Addressing  the  latter  issue  stimulated  us  to  develop  software  (including  a 
graphical  user  interface)  for  simulation  of  a  lidar  system,  and  to  undertake  measurements  of  heterodyne 
inefficiency.  In  the  course  of  this  program  we  also  built  a  two  aperture  coherent  lidar  to  test  our  theories  and  design 
approach  for  a  multiple  aperture  coherent  laser  receiver,  and  we  developed  a  concept  for  high  precision  target 
tracking  through  atmospheric  turbulence. 

We  trained  and  graduated  a  number  of  students,  most  of  whom  followed  a  thesis-option.  The  names  of 
these  students,  where  they  are  employed  and  their  thesis  titles  are  included  in  Table  1.1. 

The  following  will  be  a  summary  of  the  content  and  conclusions  of  the  chapters  of  this  report;  the  chapter 
topics  were  areas  of  prime  focus  for  the  program.  Each  chapter  contains  reproduced  copies  from  journals  of 
relevant  publications  produced  in  the  course  of  this  research  program. 

Chapter  2,  Coherent  Laser  Radar  Array  Technology  and  Systems,  covers  much  of  the  “mainstream”  of 
this  research  program,  namely,  the  design,  development  and  test  of  a  prototype  of  the  eight  aperture  system,  now 
being  evaluated  at  ISTEF.  Dr.  Philip  Gatt  led  and  performed  much  of  this  work,  starting  with  an  analysis  of  space 


1-1 


Table  1.1:  Students  Trained  and  Graduated 


Name  Employed  At 

Dr.  Philip  Gatt  Coherent  Technology,  Inc., 

Boulder,  CO 


Ken  Jerkatis  Recon  Optical,  Chicago,  IL 

Robert  Heihnann 


Thesis  Title  (if  any) 

“A  Simulation  and  Theoretical 
Analysis  of  the  Doubly  Stochastic 
Homodyne  K  Scattering  Model” 


Dean  Heimmermann 

Harris  Corporation,  Melbourne,  FL 

Terri  Alexander 

EG&G,  Kennedy  Space  Center 
Titusville,  FL 

Dr.  Robert  Murphy 

Southwest  Research  Institute, 
Wamer-Robbins,  GA 

Thomas  Costello 

Air  Net  Comm.,  Melbourne,  FL 

Dr.  Wissam  Rabadi 

Texas  Instruments,  Dallas,  TX 

Stephen  Reddy 

Broadband  Communications,  Inc. 
Melbourne,  FL 

Diana  Castellanos 

Harris  Corporation,  Melboxime,  FL 

David  Hefele 

Invivio,  Orlando,  FL 

Wilson  Perez 

Software  Technology,  Inc.,  Orlando,  FL 

Kevin  Gamble 

(Working  on  Ph.D.  at  CREOL) 

“Nd:  YAG  Frequency  Stabilization 
Techniques” 

‘Target  Induced  Speckle  Effects  in  Laser 
Applications” 

“Scattering  from  Rough  Surfaces  and 
Atmospheric  Turbulence  in  Monostatic 
Laser  Radar  Systems” 


“Multiresolution  Image  Reconstruction” 

“Precision  Pointing  and  Tracking  Through 
Atmospheric  Turbulence  Utilizing  the 
Reciprocal  Path  Scattering  Phenomenon” 

“Analysis  and  Design  of  an  Electro-Optics 
Phase-Locked  Loop  for  use  in  a  Coherent 
Laser  Array  Receiver” 

“A  Computer  Aided  Design  Package  for 
Multiple  Aperture  Laser  Radar” 


“A  Computer  Simulation  of  a  Multiple 
Aperture  Coherent  Laser  Radar” 


diversity  receivers  in  order  to  determine  what  their  performance  might  be  versus  their  complexity.  His  work 
showed  that  the  optimum  approach  to  building  a  multiple  aperture  coherent  receiver  in  which  the  IF  signals  from 
each  aperture/detector  are  combined  would  be  to  compare  only  the  phases  of  each  IF  signal  (and  not  the  phase  and 
the  amplitude)  to  a  reference  and  then  use  a  phase-locked  loop  to  keep  that  phase  difference  close  to  zero.  The 
marginal  performance  improvement  to  be  obtained  by  compensating  for  both  phase  and  amplitude  differences  was 
deemed  to  be  not  worth  the  cost  in  terms  of  hardware  complexity. 


After  the  signal  selection/combining  approach  was  settled,  a  two-aperture  system  with  appropriate 
electronics  was  built  and  tested  at  ISTEF  in  October  1994.  The  system  was  tested  over  ISTEF’s  one  kilometer 
range  and  performed  in  a  vary  satisfactory  manner.  One  of  the  important  observations  from  that  test  was  that  the 
absolute  optical  phase  difference  between  two  apertures  only  25cm  apart  could  be  as  large  as  500  radians.  Being 
able  to  deal  with  a  change  this  large  became  a  major  issue  in  the  fmal  design  of  the  phase-locked  loops  in  the 
receiver.  The  fmal  design  approach  and  construction  of  the  eight  aperture  system  was  led  by  Assoc.  Prof.  Arthur 
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Weeks,  and  is  described  in  Section  2.2.2  and  2.2.3.  In  addition  to  coping  with  large  relative  phase  shifts,  the  control 
system  was  re-designed  by  Diana  Castellanos,  including  the  redesign  of  the  PZT  elements  by  Thomas  Costello  and 
Chie  Gagge.  Improvements  were  made  to  the  control  system  to  increase  its  frequency  response  by  an  order-of- 
magnitude  for  the  eight  element  system  relative  to  the  two-element  system.  Predictions  were  that  the  eight  element 
system  would  be  able  to  maintain  a  phase  lock  between  all  charnels  without  exceeding  more  than  10®  of  phase  error 
over  the  5000  Hz  fluctuation  bandwidth  of  the  atmospheric  turbulence.  This  was  achieved  and  will  be  reported  in 
the  final  report  for  the  follow-on  contract. 

This  contract  funded  the  project  through  the  point  where  most  of  the  electronic  parts  for  the  eight  element 
system  were  purchased  and  the  system  partially  assembled.  Assembly  of  the  system  was  completed  on  the  follow- 
on  contract  through  NCCOSC/San  Diego  State  University  Foundation. 

Finally  in  Chapter  Two  a  brief  summary  is  given  of  efforts  to  measure  the  heterodyne  mixing  efficiency  as 
part  of  our  larger  effort  to  understand  “where  are  the  missing  dBs?”  when  trying  to  account  for  signal  power  in  a 
coherent  lidar  system.  The  culprit  is  usually  thought  to  be  (a)  differences  in  size  of  the  two  beams  on  the 
photosurface,  and  (b)  differences  in  the  structure  of  the  phase  fronts  of  the  two  beams.  To  avoid  these  issues  each 
beam  was  injected  into  a  sign  mode  fiber  and  then  combined  using  a  3dB  single-mode  fiber  optic  coupler. 
Provision  was  made  for  adjusting  the  polarization  of  each  fiber  entering  the  coupler.  Upon  exiting  the  fiber  coupler, 
the  mixed  fields  were  collimated,  polarized,  and  focused  into  a  photoreceiver.  After  a  number  of  fine  tuning 
adjustments  were  made,  we  were  left  with  an  unexplained  loss  of  3dB  (50%).  We  attribute  this  to  depolarization  in 
the  fiber  and/or  the  fiber  optic  couplers,  and  concluded  that  the  experiment  should  be  repeated  with  polarization- 
preserving  fiber  which  we  did  not  have.  Time  pressure  to  use  the  test  set  up  for  the  laser  radar  experiments 
prevented  us  from  conducting  this  experiment  using  polarization-preserving  fiber. 

In  Chapter  3,  Target-Induced  Speckle  Effects  in  Lidar  Applications,  which  was  led  by  Assoc.  Prof.  J. 
Harvey,  we  characterized  speckle  from  a  number  of  different  targets  and  sought  to  understand  speckle  effects  on 
coherent  lidar  systems.  In  particular  we  foimd  the  following: 

•  Regarding  speckle  and  the  bidirectional  reflectance  distribution  function,  speckle  is  superimposed 
upon  the  BRDF.  Thus  the  conventional  (incoherent)  BRDF  determines  the  local  mean  intensity  of  the  speckle 
pattern  produced  by  the  given  target.  Hence,  the  value  of  the  BRDF  (in  the  direction  of  the  receiver)  integrated  over 
the  target  is  necessary,  in  addition  to  the  local  normalized  speckle  statistics,  when  calculating  the  performance  of 
lidar  receivers. 

•  An  extensive  experimental  investigation  of  the  speckle  size  (or  shape)  as  a  function  of  the  intensity 
threshold  level  for  detection  showed  agreement  with  a  theoretical  model  previously  developed  by  F.  Kjragh,  a 
former  UCF  student.  Agreement  was  best  at  high  threshold  levels  (about  twice  the  mean  intensity)  but  significant 
departures  from  his  theory  were  found  at  low  intensity  levels.  An  explanation  for  this  departure  is  offered  after 
examioing  the  initial  approximations  and  assumptions  made  in  the  theory.  Thus  we  have  shown  that  at  least  at  high 
intensity  levels,  we  can  predict  the  intensity  of  the  speckle  when  combined  with  knowledge  of  the  BRDF. 

•  While  relatively  smooth  targets  produce  glints  (narrowly  directed  reflected  beams)  at  the  geometrical 
angle  of  reflection  from  the  target ,  the  probability  density  function  of  the  speckle  outside  of  the  glint  is  the  same  as 
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for  a  rough  target.  This  is  so  since,  in  the  observation  plane,  path  length  differences  of  greater  than  a  wavelength 
will  occur  between  the  phase  fronts  scattered  from  the  target  surface  so  long  as  d  >  XLfD  where  d  =  distance  in  the 
observation  plane,  X  =  wavelength,  L  =  distance  from  the  target  to  the  receiver,  and  D  =  diameter  of  the  target. 
Also,  the  intensity  structure  of  the  glint  is  spatially  modulated  by  the  speckle  pattern  with  a  strength  that  depends  on 
the  degree  of  scattering  from  the  surface  of  the  target. 

•  The  scattering  properties  of  the  3M  retroreflective  tape  used  to  cover  the  target  boards  for  our  field 
tests  of  the  lidar  experiments  were  stronger  by  200  to  500  fold  compared  with  that  of  a  perfectly  reflecting 
Lambertian  surface.  This  made  it  possible  for  us  to  do  2  kilometer  round  trip  lidar  experiments  with  a  35  mW  laser. 

Chapter  4,  Lidar  Simulation,  summarizes  the  software,  including  the  graphical  user  interface,  developed 
primarily  by  David  Hefele,  Kevin  Gamble,  and  Assoc.  Profs.  Arthur  Weeks  and  Harley  Myler.  This  simulation  is 
unique  in  its  ability  to  simulate  a  multiple  aperture  coherent  laser  radar  in  x,  y,  and  t.  This  is  accomplished  by 
propagating  two-dimensional  waveforms  between  the  transmitter/receiver  and  the  target,  and  in  allowing  the  target 
and  atmosphere  to  evolve  as  a  fimction  of  time.  Each  time  the  atmosphere  evolves  or  the  target  changes  its  aspect, 
the  perturbations  introduced  on  the  optical  wavefront  incident  from  the  laser  transmitter  are  then  propagated  back  to 
the  receiver  and  detected  coherently,  for  each  of  the  receiving  apertures.  Further, 

•  the  individual  components  of  an  actual  coherent  lidar  such  as  wave  plates,  polarizing  beamsplitters, 
lenses,  and  detectors  are  modeled; 

•  arbitrary  light  polarizations  can  be  modeled; 

•  scattering  models  including  depolarization  effects  can  be  included; 

•  light  propagation  in  the  Z  direction  is  described  by  the  Rayleigh-Sommerfeld  diffraction  integral  for 
which  the  Fresnel  approximation  (Z^»n2iVX)  is  used; 

•  lens  routines  are  used  having  increased  accuracy  compared  to  other  simulations;  and 

•  spatially  and  temporally  evolved  scattering  is  included  in  the  simulation. 

The  output  from  the  coherent  detection  process  is  obtained  as  an  ac  beat  signal  (the  IF  signal)  resulting 
from  mixing  the  signal  with  the  local  oscillator  which  is  offset  by  27.1  MHz  from  the  signal.  Noise  calculations 
include  detector  noise  and  shot  noise;  the  detector  model  also  calculates  the  heterodyne  efficiency  as  a  fimction  of 
detector  size. 

The  software  is  easy  to  use  as  a  result  of  a  graphical  user  interface  having  been  developed.  The  central 
feature  of  this  interface  is  a  window  in  which  icons,  representing  optical  devices,  can  be  placed  and  connected  to 
form  an  optical  schematic.  Pop-up  windows  are  used  to  set  the  physical  parameters  of  the  devices  in  the  schematic 
window.  The  technique  developed  for  debugging  an  optical  schematic  is  very  similar  to  that  used  in  debugging  an 
electronic  schematic.  We  plan  to  use  this  software  to  help  design  the  optical  link  from  ground  to  satellite  in  the 
forthcoming  Photon  Laser  Satellite  program.  A  copy  of  this  software  can  be  obtained  by  writing  to  Dr.  Arthur 
Weeks. 

Chapter  5  summarizes  our  Single  Aperture  Coherent  Lidar  Experiments,  that  were  performed  by  Dr. 
Philip  Gatt  and  students.  These  were  undertaken  to  better  understand  the  real  world  effects  of  speckle  and  target 
roughness.  Most  interestingly,  we  compared  the  coherent  lidar  performance  of  a  single  frequency  Nd:YAG  laser 
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with  that  of  a  single  frequency  CO2  laser  (having  a  frequency  lOx  lower  or  a  wavelength  lOx  longer)  against  the 
same  target  -  a  rotating  nail.  In  plaiming  this  experiment  we  hoped  that  we  would  experience  the  effects  of 
“partially  developed  speckle”  using  the  CO2  laser  compared  to  “fully  developed  speckle”  with  the  Nd:YAG  laser. 

In  examining  the  data  from  these  two  experiments,  while  the  Doppler-width  data  for  the  Nd:YAG  laser 
agreed  with  our  theory,  we  found  a  5x  disagreement  with  the  CO2  data  in  that  the  frequency  width  of  the  scattered 
light  was  5x  narrower  than  we  expected.  Further  probing  of  this  data  showed,  however,  that  the  width  of  the  data  in 
the  ‘wings”  agreed  with  our  predictions,  and  that  the  much  narrower  in  the  “main  lobe”  of  the  CO2  data  could  be 
explained  by  a  strong  glint  from  a  narrow  region  of  the  surface  of  the  nail,  since  the  width  of  the  Doppler  shift  is 
proportional  to  the  width  of  the  region  from  which  the  glint  originates;  this  would  be  expected  to  be  considerably 
smaller  than  the  full  diameter  of  the  nail  Thus,  in  coherent  lidars,  glints  can  mask  the  subtle  signals  which  carry 
rotation  rate  information  expected  from  this  type  of  lidar.  On  the  other  hand,  strong  glints  are,  of  course,  useful  in 
that  they  aid  in  detecting  the  presence  of  perhaps  an  otherwise  unobservable  target. 

A  second  experiment  involved  working  with  Schwartz  Electro-Optics  of  Orlando,  FL  to  demonstrate  an 
eye-safe  Doppler  lidar.  This  was  done  by  combining  SEO’s  cw  holmium  laser  operating  at  2.1  microns  with 
CREOL’s  receiver  employing  an  InGaAs  detector  and  gold-coated  reflecting  optics.  The  system  was  easily  able  to 
distinguish  between  the  vibration  spectrum  of  a  Honda  and  that  of  an  Oldsmobile  as  these  cars  idled  in  the  parking 
lot.  This  demonstrated  that  this  eye-safe  coherent  lidar  technology  can  be  used  for  non-cooperative  vehicle 
identification  in  a  real-world  environment. 

Chapter  6,  Reciprocal  Path  Scattering  Through  Random  Media,  describes  two  iimovations  developed 
on  this  contract  which  will  improve  optical  systems  involved  with  reciprocal  path  scattering.  The  phenomenon  of 
retroreflection  from  rough  surfaces  or  suspended  particles  (also  called  the  “opposition  effect”,  “enhanced 
backscatter”,  or  the  “double  passage  effect”)  is  a  naturally  occurring  conjugate-wave  phenomenon  and  has  been 
shown  to  be  caused  by  constructive  interference  between  reciprocal  multiple  scattering  paths.  We  therefore  use  the 
phrase  ‘reciprocal  path  imaging’  to  describe  attempts  to  exploit  this  phenomenon  for  obtaining  diffraction-limited 
images  of  extended  objects  obscured  by  a  random  phase  screen  such  as  a  turbulent  atmosphere. 

In  particular,  we  have  developed  a  unique  and  original  prescription  for  constructing  both  ID  and  2D  arrays 
of  subapertures  that  yield  a  modulation  transfer  function  exhibiting  continuous  and  uniform  (i.e.  smooth)  spatial 
frequency  response  up  to  an  arbitrarily  high  cutoff  frequency.  This  techniques  is  complex  and  is  discussed 
thoroughly  in  the  report  and  the  appendix  to  Chapter  6,  thus  no  attempt  will  be  made  here  to  explain  it. 

Secondly,  and  more  importantly,  Dr.  Harvey  and  Dr.  Phillips  have  developed  a  technique  which  should 
enable  a  target  to  be  tracked  through  turbulence  and  have  the  resolution  be  limited  by  the  diffraction  limit  of  the 
pointing  telescope  rather  than  some  characteristics  of  the  turbulent  atmosphere.  Reciprocal  path  scattering  produces 
an  enhanced  backscatter  in  the  direction  precisely  along  the  boresight  of  the  pointing  telescope.  The  interference 
fringes  produced  by  the  reciprocal  path  scattering  from  the  target  being  tracked  are  temporally  stable  in  the  focal 
plane  even  in  the  presence  of  time  varying  turbulence.  Choosing  the  width-to-separation  ratio  of  the  dual  slits 
appropriately  and  utilizing  orthogonal  polarizations  to  suppress  the  time-varying  common  path  scattered  radiation 
allows  one  to  achieve  interferometric  sensitivity  in  pointing  accuracy  through  a  turbulent  atmosphere  A  laboratory 
proof-of-concept  experiment  demonstrated  an  rms  measurement  error  of  approximately  1%  of  the  angular  width  of 
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the  diffraction-limited  point-spread  function.  We  expect  that  this  new  precision  pointing  and  tracking  technique  has 
applications  in  ground-to-space  laser  communications,  laser  power  beaming  to  satellites,  and  theater  missile  defense 
target  tracking  scenarios. 

Chapter  7,  Image  Reconstruction,  discusses  the  development  of  a  suite  of  reconstruction  algorithms  for 
the  processing  of  laser  speckle  images.  This  work  was  done  by  Wissam  Rabadi  and  Assoc.  Profs.  Harley  Myler  and 
Arthur  Weeks.  Laser  speckle  images  provide  a  measurement  of  the  Fourier  transform  magnitude  of  an  illuminated 
object  while  the  phase  information  associated  with  the  magnitude  is  lost.  In  order  to  be  able  to  reconstruct  the 
original  image  of  the  object,  the  phase  information  must  be  reconstructed. 

The  reconstruction  of  a  signal  from  the  knowledge  of  its  Fourier  transform  magnitude  remains  a  very 
difficult  problem  and  many  algorithms  have  been  developed  in  the  past  two  decades  to  solve  this  problem. 
Currently,  the  most  successful  and  practical  approach  in  solving  the  phase  retrieval  problem  utilizes  the  iterative 
algorithms  that  seek  numerical  solutions  that  minimize  the  distance  between  the  measurement  and  its  estimate  rather 
than  finding  an  exact  solution.  These  algorithms  suffer  from  several  drawbacks  that  set  a  limit  to  the  size  and 
complexity  of  the  images  that  can  be  reconstructed.  A  major  disadvantage  of  the  iterative  algorithms  is  the 
stagnation  problem  where  the  algorithm  becomes  trapped  in  a  local  minimum.  The  second  problem  is  the  slow 
convergence  of  the  algorithm,  and  the  third  is  its  computational  cost. 

In  this  contract,  two  multiresolution  adaptations  of  a  basic  iterative  image  reconstruction  algorithm  were 
developed  that  enable  the  algorithm  to  avoid  stagnation,  improve  global  convergence  and  dramatically  reduce 
computational  complexity. 

The  first  of  these  approaches  is  based  on  Burt’s  pyramid  and  the  second  is  based  on  wavelet 
decomposition.  These  two  methods  have  the  following  advantages:  1)  they  provide  a  rough  and  quick  estimate  of 
the  solution  at  a  low  resolution  that  may  later  be  refined  as  the  algorithm  progresses.  This  coarse-to-fine  strategy 
enables  the  algorithm  to  avoid  stagnation  by  providing  a  better  initial  guess  and  giving  the  algorithm  a  higher 
likelihood  of  arriving  at  a  global  minimum.  2)  They  can  improve  the  convergence  rate  by  decomposing  the  search 
space  into  orthogonal  subspaces  that  can  reduce  the  low  frequency  component  of  the  error  responsible  for  the  slow 
convergence  of  the  algorithm.  3)  Since  the  number  of  independent  variables  to  be  processed  at  each  coarser  level 
are  less  than  that  at  the  full  resolution  grid,  the  reduction  dramatically  reduces  the  computational  cost  of  the 
algorithm  and  ensures  a  faster  convergence  rate. 

The  computer  simulations  that  we  have  processed  indicate  that  the  multiresolution  approaches  developed 
here  are  not  only  capable  of  avoiding  stagnation  and  reducing  the  computational  complexity  of  the  iterative 
algorithm,  but  also  produce  reconstructions  that  are  superior  in  quality  to  the  single-grid  approaches  and  are  more 
robust  in  the  presence  of  noise. 

Chapter  8  addresses  the  subject  of  Reciprocal  Path  Scattering  and  Laser  Radar.  This  work  was  done 
by  Robert  Murphy  and  Prof.  Ronald  Phillips.  A  monostatic  ladar  system  is  one  in  which  the  transmitter  and 
receiver  optical  paths  utilize  the  same  aperture  for  beam  transmission  and  reception,  respectively.  The  transmitted 
beam  propagates  through  the  turbulent  atmosphere  to  the  target,  is  back-scattered  by  the  target  surface,  and  then 
propagates  downward  through  the  atmosphere  in  the  direction  of  the  receiving  aperture.  The  two  distinct  scattering 
processes  encountered  by  the  propagating  beam  are  due  to  rough  surface  scattering  by  the  target,  and  scattering 
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caused  by  atmospheric  refractive  index  variations  over  the  path  due  to  atmospheric  turbulence.  Reciprocal  time- 
reversed  multiple  scattering  paths  exist  for  each  scattering  process  due  to  EM  reciprocity;  the  combination  of  these 
processes  sequentially  produces  coherent  (in-phase)  wave  segment  pairs  at  the  receiver.  The  coherent  component  of 
die  received  power  contains  diffraction-limited  information  which  is  exploited  by  active  coherent  imaging 
applications. 

At  laser  wavelengths,  the  surface  irregularities  of  physical  targets  are  comparable  to  the  wavelength  of  the 
illuminating  beam.  This  surface  roughness  contributes  significantly  to  the  scattered  cross  section  of  the  target. 
Multiple  scattering  processes  are  experienced  by  wave  segments  incident  on  the  surface.  Reciprocal  path  coherent 
wave  segment  pairs  exist  for  multiply  scattered  wave  segments  within  the  valley  of  the  rough  target  surface,  as  well 
as  for  surface  wave  resonant  polaritons.  Coherent  backscattered  intensity  has  been  observed  as  large  as  80  times  the 
diffuse  backscattered  incoherent  intensity. 

With  respect  to  beam  propagation,  the  Earth’s  lower  atmosphere  is  a  random  inhomogenous  medium  due 
to  local  temperature  gradients  caused  by  solar  heating.  The  refractive  index  of  the  atmosphere  is  a  fimction  of  the 
local  temperature.  Temperature  differences  between  the  ground  and  the  air  produce  turbulence  cells  (or  eddies), 
each  with  slightly  different  temperature.  These  eddies  are  effectively  individual  scatterers  producing  both  refractive 
and  diffractive  scattering  events.  Coherent  reciprocal  path  wave  segment  pairs  exist  for  double  passage  (transmitter 
to  target  -  target  to  receiver)  propagation  through  atmospheric  turbulence.  When  the  target  is  in  the  far-field  of  the 
turbulence  layer,  turbulence  double  passage  produces  a  backscattered  signal  which  is  at  maximum  3  dB  above  the 
diffuse  backscattered  incoherent  intensity,  as  confirmed  by  numerical  experiments. 

Rough  surface  and  turbulence  double  passage  RPS  processes  each  produce  coherent  backscatter 
individually.  We  hypothesize  that  in  combination,  the  interrelation  of  the  two  processes  is  multiplicative,  with 
turbulence  double  passage  being  the  governing  scattering  process  for  the  relative  magnitudes  of  the  coherent  and 
incoherent  intensities  sensed  by  the  receiver.  This  because  the  scattering  processes  occur  sequentially;  and  the 
return  passage  through  turbulence  is  the  last  scattering  process  that  occurs  during  the  round  trip  propagation  from 
the  transmitter  to  the  receiver. 

A  model  is  presented  (Appendix  8A)  which  quantifies  the  combined  effect  of  rough  surface  and  turbulence 
double  passage  reciprocal  path  scattering  (RPS)  on  the  power  received  by  a  ground-based  monostatic  laser  radar. 
This  is  not  a  rigorous  analysis;  instead  a  phenomenological  modification  to  the  traditional  laser  radar  equation 
(LRE)  for  power  linkage  is  presented,  which  includes  the  first  order  effects  of  atmospheric  turbulence  as  well  as 
rough  surface  and  double  passage  RPS.  Within  the  constraints  of  this  analysis,  rough  surface  RPS  in  combination 
with  turbulence  double  passage  RPS  increases  the  predicted  received  power  of  a  monostatic  system  over  that 
predicted  by  the  traditional  LRE.  The  theoretical  formulation  is  constmcted  such  that  the  relative  magnitudes  of  the 
coherent  and  diffuse  received  power  components  are  easily  separated  for  RPS  exploitation  purposes. 

Further,  a  phenomenological  model  is  developed  (appendix  8B)  for  the  strength  and  spatial  width  of  the 
backscattered  coherent  intensity  peak  produced  by  reciprocal  path  scattering  through  atmospheric  turbulence.  The 
model  is  applied  to  a  ground-based  monostatic  laser  radar  tracking  a  space  target  xmder  optically  saturated 
atmospheric  turbulence  conditions.  The  models  for  the  amplitude  and  width  of  the  RPS  peak  are  based  upon  the 
spatial  coherence  widths  of  the  propagating  fields  over  the  up-link  and  down-link  paths  within  the  atmospheric 
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turbulence  as  well  as  the  cross-sectional  area  of  the  up-link  beam.  The  results  indicate  that  the  phenomenological 
model  for  RPS  presented  in  this  analysis  provides  surprisingly  accurate  predictions  for  a  variety  of  saturated 
turbulence  propagation  environments. 
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2.0  COHERENT  LASER  RADAR  ARRAY  TECHNOLOGY  &  SYSTEMS 


Philip  Gatt,  Ph.D.,  Arthur  R.  Weeks,  Ph.D.,  R.  L.  Phillips,  Ph.D.,  and  C.  M.  Stickley,  Ph.D. 

2.1.  Background 

Laser  radar  (LIDAR)  systems  are  a  direct  extension  of  conventional  microwave  radars  to  wavelengths  from 
the  ultraviolet  to  the  far-infrared  regions.  LIDAR  systems  are  capable  of  simultaneous  measurement  of  range, 
reflectivity,  velocity,  temperature,  azimuth,  and  elevation  angle  [1].  These  capabilities  offer  a  wide  range  of 
applications  such  as  target  tracking  and  acquisition,  surface  terrain  mapping,  vibration  sensing,  atmospheric 
composition  characterization,  and  missile  guidance.  Despite  the  many  variations  to  LIDAR  systems,  all  of  them 
share  a  single  operating  principle.  Laser  radiation  is  transmitted  from  the  radar  system  to  a  target;  the  radiation 
interacts  with  the  target  and  the  propagating  media,  and  returns  to  a  receiver.  The  detected  signal  is  processed  in  a 
specific  manner  so  that  the  desired  information  is  extracted  from  it.  When  the  receiver  uses  the  same  optics  as  the 
transmitter  the  system  is  called  monostatic  laser  radar  system;  when  the  receiver  is  placed  in  a  different  location 
relative  to  the  transmitter,  the  system  is  called  bistatic  laser  radar  system. 

Coherent  detection  offers  improved  signal-to-noise  ratio  over  incoherent  detection  but  with  the  added 
complexity  of  hardware  implementation  as  shown  in  Figure  2.1.  Incoherent  detection  is  defined  as  the  direct 
measurement  of  the  received  signal  intensity  which  is  fimction  of  target  distance,  target  characteristics  such  as 
shape,  size,  and  reflectance  and  background  noise.  Backgroimd  noise  in  optical  signals  includes  the  effects  of 
atmospheric  turbulence,  scattering  from  the  atmosphere,  the  earth  surface,  the  clouds,  and  any  other  source  that  may 
cause  corruption  of  the  return  beam  [1].  Incoherent  detection  is  used  in  range  finding,  image  systems,  and 
atmospheric  characterization  applications  [1]. 

Coherent  detection  is  a  mixing  process  in  which  the  return  signal  is  optically  combined  with  a  local  oscillator 
(LO)  to  produce  a  signal  that  is  captured  by  a  photodetector.  The  mixing  of  these  two  optical  fields  produces  a 
current  that  is  proportional  to  the  product  of  the  fields  given  by  [2]: 

where  Es  and  Eiq  are  the  optical  signal  and  the  local  oscillator  fields  respectively,  and  co^  and  are  their 
respective  frequencies.  The  detected  signal  is  a  function  of  the  local  oscillator  power,  the  return  signal  power,  and 
the  background  noise.  Coherent  detection  is  often  referred  to  as  homodyne  or  heterodyne.  In  homodyne  detection 
the  LO  is  extracted  from  the  laser  source  of  the  system  using  a  beam  splitter;  if  the  LO  is  frequency  shifted  before  it 
is  mixed  with  the  return  signal  the  system  is  called  offset  homodyne  LIDAR.  In  heterodyne  detection  the  LO  is 
generated  using  a  laser  independent  of  the  transmitter  source  [3].  Homodyne  and  heterodyne  detection  have  been 
used  to  measure  the  landing  speed  of  commercial  aircraft  very  accurately.  However,  a  heterodyne  system  caimot  tell 
whether  or  not  the  target  is  approaching,  since  it  senses  only  the  magnitude  of  the  velocity.  This  problem,  called 
velocity  ambiguity  [3],  is  solved  by  offset  homodyne  detection.  With  this  system,  a  stationary  target  will  produce  a 
signal  at  the  same  frequency  as  the  modulator  used  to  produce  the  frequency  shifted  LO;  an  advancing  target  will 
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produce  a  frequency  higher  than  the  modulator  frequency,  and  a  receding  target  will  produce  a  frequency  lower  than 
the  modulator  frequency  [3].  Heterodyne  systems  are  useful  for  very  long-range  detection. 

Coherent  and  incoherent  detection  are  typically  compared  by  means  of  the  detected  signal-to-noise  ratio.  As 
derived  by  Jelalian  [1],  SNR  for  incoherent  and  coherent  detection  are 


SNR  = 


_ ^pP^SIG _ 

hf[2B(PsiG  +  PBK)]  +  ^\PDK  +  KiPTH 


(2.2) 


where 


sm  = 


_ npPsiGPio _ 

¥P[PSIG  +  PBK  +  PLO^  +  Ki Pj)k  +  ^2 PPH  ’ 


(2.3) 


SNR=  electrical  signal  power  /  electrical  noise  power 

rjo  =  detector  quantum  efficiency 

h  ==  Planck’s  constant  (6.626  x  10'^"^  J-S) 

f  =  transmission  frequency 

B  =  electronic  bandwidth 

PsiG  “  received  signal  power 

Pdk  equivalent  dark  current  power 

Pth  ^  equivalent  receiver  thermal  noise 

Plo  =  local  oscillator  power 

Kj,  K2,  :  dark  current  and  detector  current  responsivity  constants 
Pbk  =  equivalent  background  power 

Equation  (2.2)  shows  that  the  SNR  for  incoherent  detection  decreases  as  the  power  of  the  return  signal 
decreases  while  for  coherent  detection,  as  given  by  Equation  (2.3),  the  LO  power  is  an  additional  source  of  noise 
that  can  be  increased  to  a  high  enough  level  so  the  system  becomes  background  noise  limited.  Under  this  condition, 
the  LO  power  terms  cancel  out,  and  the  SNR  is  then  directly  proportional  to  the  received  signal  power  rather  than 
proportional  to  the  received  signal  power  squared  as  in  the  case  of  incoherent  detection.  When  the  LO  power  is  high 
enough  so  that  its  noise  overcomes  the  backgroimd  noise,  the  system  is  said  to  be  shot  noise-limited,  and  Equation 
(2.3)  reduces  to: 


SNR^ 


^D^SIG 

hfB 


For  background  noise-limited  incoherent  detection  Equation  (2.2)  becomes: 

IhfBPgj. 


(2.4) 


(2.5) 


By  inspection  of  Equations  (2.4)  and  (2.5),  it  can  be  concluded  that  for  very  weak  received  signals  coherent 
detection  provides  higher  SNR  than  incoherent  detection.  For  strong  signals  however,  in  the  limit,  incoherent 
systems  approach  the  performance  of  coherent  systems. 

Optical  signals  propagated  through  the  atmosphere  are  affected  by  random  fluctuations  in  the  atmosphere  as  a 
result  of  temperature,  humidity  and  pressure  variations  [4].  Turbulence  results  in  a  non-homogeneous  index  of 
refraction  of  the  atmosphere  over  the  propagation  path.  These  fluctuations  in  the  index  of  refraction  cause  spatial 
and  temporal  variations  in  the  optical  signal  [1].  Since  the  return  signal  power  is  drastically  reduced  by  these 
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effects,  the  SNR  decreases.  It  is  known  from  experimental  results  that  most  of  the  return  signal  phase  corruption  is 
caused  by  atmospheric  turbulence,  and  that  the  3  dB  bandwidth  of  this  phase  disturbance  is  approximately  5  Hz  [6]. 

From  previous  studies,  the  intensity  statistics  of  a  laser  beam  propagating  through  turbulence  have  been 
assumed  to  be  K-distributed,  while  the  phase  statistics  have  been  assumed  to  be  Gaussian  [6].  These  fluctuations  in 
the  phase  and  intensity  give  rise  to  two  detection  problems:  phase  randomness  and  signal  fading.  Figure  2.2(a) 
depicts  an  array  of  detectors,  each  with  a  particular  speckle  cell  being  detected;  amplitude  characteristics  of  the 
individual  speckle  cells  are  shown  in  Figure  2.2(b). 


(a) 


(b) 

Figure  2.1.  (a)  Incoherent  Detection  and  (b)  Coherent  Detection. 


Figure  2.2:  Speckle  Cells  Characteristics  (a)  Detected  Speckle  Cells  and 
(b)  Individual  Amplitude  Characteristics. 

An  array  of  detectors  offers  a  good  solution  for  both  problems.  It  has  been  shown  [7]  that  a  detector  array 
increases  the  effective  receiver  aperture  and  enhances  SNR  by  the  number  of  array  apertures  present.  Phase 
randomness  is  solved  by  configuring  the  geometry  and  location  of  the  array  so  that  only  one  speckle  cell  is  captured 
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by  each  detector.  In  this  manner,  each  detected  signal  has  constant  phase.  The  size  of  the  detectors  and  their  center- 
to-center  distance  are  functions  of  the  atmospheric-turbulence-induced  transverse  coherent  length,  Po,  given  by  [7]: 

■3/ 

/5 

(2.6) 

where  k  =  InIX  is  the  wave  number,  Q  ^  is  the  atmospheric  strength  of  turbulence  parameter,  R  is  the  detection 
range,  and  z  is  the  direction  of  propagation. 

However,  the  signal  detected  by  each  array  component  is  a  very  weak  amplitude- varying  signal;  therefore, 
it  is  necessary  to  add  these  signals  coherently  to  obtain  a  composite  signal  which  has  an  increased  SNR  and  reduced 
fading.  This  objective  is  accomplished  only  by  the  in-phase  addition  of  the  signals.  This  process  is  illustrated  in 
Figure  2.3.  The  phases  of  channels  2,  3  and  4  of  Figure  2.2(b)  are  adjusted  so  that  each  signal  is  aligned  with  the 
signal  from  channel  1.  This  produces  an  output  from  the  summer  which  has  an  increased  SNR,  and  reduced  fading 
compared  to  the  individual  inputs.  Therefore,  to  co-phase  these  channels  an  electro-optic  phase-locked  loop 
(EOPLL)  is  required.  The  purpose  of  the  EOPLL  is  to  co-phase  two  or  more  optical  carriers  in  such  a  way  that 
makes  the  in-phase  coherent  addition  of  the  two  carriers  possible.  The  in-phase  addition  of  the  optical  carriers  will 
result  in  a  laser  radar  signal  with  improved  SNR.  Figure  2.3  (b)  shows  the  output  of  the  summer,  generated  by  co¬ 
phasing  the  four  inputs  and  then  adding  them. 


(a)  (b) 

Figure  2.3:  In-Phase  Addition  of  Optical  Signals  (a)  Co-Phasing  Electronics  and  (b)  Composite  Output. 

Figure  2.3  shows  that  one  method  of  reducing  fading  due  to  the  atmosphere  is  to  use  an  array  of  coherent 
receivers  where  each  of  the  received  signals  are  co-phased  with  each  other  and  then  coherently  added  together.  Co¬ 
phasing  of  the  multiple  apertures  can  be  accomplished  either  optically  or  electronically  after  the  optical  signal  has 
been  detected.  The  use  of  electrical  co-phasing  techniques  requiring  more  than  In  radians  of  phase  shift  is 
relatively  hard  to  implement.  Larger  phase  shifts  are  possible  using  optical  techniques.  The  idea  of  co-phasing 
optical  signals  in  not  a  new  idea  but  has  existed  in  the  literature  for  a  number  of  years.  Unfortunately,  due  to  the 
hardware  complexity  of  building  a  coherent  receiver  most  of  the  co-phasing  techniques  have  been  focused  on  laser 
cavity  resonance  improvements  and  pointing  of  array  antennas.  One  of  the  first  papers  on  optical  co-phasing  is  that 
of  L.H.  Enloe  and  J.  L.  Rodda  [8]  from  Bell  Telephone  Laboratories  in  Holmdel,  N.J.,  where  in  the  early  1960’s 
they  successfully  synchronized  two  He-Ne  lasers  with  a  phase  difference  of  less  than  a  third  of  a  degree.  This 
technique  is  a  direct  derivation  from  the  conventional  automatic  frequency  control  (AFC)  loop  [9]  developed  in  the 
1930’s  for  synchronous  communications.  In  this  experiment  the  lasers  are  optically  combined  and  fed  to  a 
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photomultiplier.  When  the  frequency  of  the  lasers  is  identical  and  their  phases  differ  by  (90^^  --  O),  the  output  of  the 
photomultiplier  consists  of  a  D.C.  term  that  is  proportional  to  SinO.  For  small  angles  SinO  =  O;  hence,  the  output 
of  the  photomultiplier  is  in  a  sense  proportional  to  the  phase  difference  between  the  two  lasers.  The  phase  error  term 
is  extracted  and  applied  to  a  PZT.  One  of  the  mirrors  of  the  controlled  laser  cavity  is  mounted  on  the  PZT.  The 
phase  error  signal  applied  to  the  PZT  causes  changes  in  the  resonator  cavity  length;  therefore,  the  laser  frequency 
changes  and  decreases  the  phase  difference  between  the  two  lasers.  When  the  loop  is  locked,  the  controlled  laser 
tracks  the  frequency  of  the  imcontrolled  laser  so  that  the  phase  error  is  always  less  than  ±90°.  This  experiment  was 
performed  to  synchronize  lasers  under  acoustical  and  mechanical  disturbances.  This  phase  synchronization 
technique  was  capable  of  maintaining  lock  for  several  hours. 

The  technique  developed  by  Enloe  and  Rodda  has  been  applied  through  the  years.  The  report  by  T.  J.  Kane 
and  A.  P.  Cheng  [10]  from  Lightwave  Electronics  Corporation  describes  the  implementation  of  a  piezo-electrically 
tunable  Nd:YAG  laser  ring.  Unlike  the  Enloe-Rodda  experiment,  this  scheme  uses  only  one  PZT-mirror 
combination  located  with  the  controlled  laser,  while  the  other  laser  operates  as  a  stable  reference.  In  this  experiment 
the  tuning  range  is  limited  by  the  PZT  sensitivity  and  its  excitation  voltage  range  to  ±100  MHz.  A  paper  published 
by  T.  Day,  A.  D.  Farinas,  and  R.  L.  Byer  [11]  describes  a  1.06  pm  optical  phase-locked  loop  (OPEL)  designed 
specifically  for  a  coherent  homodyne  communication  system.  Like  the  experiment  conducted  by  Kane  and  Cheng 
[10],  this  OPLL  is  implemented  with  only  one  PZT-mirror  combination.  Unlike  the  other  techniques  described,  this 
experiment  introduces  a  loop  filter  to  compensate  the  frequency  response  of  the  amplified  error  signal.  The  loop 
filter  selected  is  an  ideal  integrator  combined  with  high  frequency  compensation;  in  this  manner  the  loop  has  very 
high  gain  at  low  frequencies  and  a  small  noise  bandwidth.  These  characteristics  make  this  type  of  OPLL  ideal  for 
the  co-phasing  of  several  coherent  detected  signals.  This  system  achieves  tight  locking  with  transmitter  power  of 
less  than  -34  dBm. 

Leonid  Kazovsky  and  Bente  Jensen  [12]  added  yet  another  variation  to  the  basic  Enloe-Rodda  technique. 
They  extended  the  application  of  the  OPLL  to  solve  the  problem  of  frequency  stabilization  for  multichannel  optical 
communications.  In  this  scheme  the  reference  laser,  called  master,  is  phase  modulated  to  produce  a  number  of 
sidebands.  Controlled  lasers,  called  slaves,  are  locked  to  the  master  laser  +  sidebands  using  an  array  of  OPLL’s. 
This  master-slave  arrangement  has  successfully  phase-locked  up  to  20  sidebands  in  addition  to  the  fundamental 
frequency  of  the  master  laser  within  3  kHz  of  each  given  frequency.  In  this  experiment  the  required  optical  power 
in  each  sideband  is  only  -50  dBM. 

W.  M.  Newbert,  K.  H.  Kudielka,  W.  R.  Leeb,  and  A.  L  Scholtz  [13]  reported  an  experimental  optical  phased 
array  antenna  for  laser  space  communications  that  uses  OPLL’s  to  provide  a  defined  phase  relation  among  the 
individual  subantenna  beams;  this  defined  phase  relation  is  achieved  by  controlling  the  optical  length  of  each 
subantenna  path  relative  to  a  reference  signal.  The  purpose  of  such  array  antenna  is  to  collect  as  much  optical  power 
as  possible  without  the  use  of  large-diameter  optics,  as  it  would  be  the  case  of  a  single  aperture  system.  In  this 
experiment  the  optical  path-length  control  is  implemented  using  PZT  fiber  stretchers  [14].  This  OPLL  utilizes  a 
digital  phase  detector  [13],  an  analog  loop  filter,  and  an  integrating  amplifier.  As  a  result,  this  control  loop 
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represents  a  third-order  PLL.  This  OPLL  rejects  disturbances  as  fast  as  10  kHz,  and  its  overall  settling  time  is 
approximately  0.7  ms. 

As  presented  in  the  original  proposal,  the  purpose  of  this  task  is  to  show  the  feasibility  of  using  multiaperture 
technology  to  improve  the  signal-to-noise  ratio  of  coherent  detected  signals.  The  previous  optical  co-phasing 
methods  provide  a  starting  point  for  the  development  of  a  multi-aperture  coherent  array  receiver.  To  meet  the 
original  proposed  goal,  a  number  of  tasks  had  to  be  addressed  in  the  process  of  designing  and  building  a  multi¬ 
aperture  system: 

1.  Analyze  and  study  the  several  methods  of  co-phasing  signals  together 

2.  Understand  the  effects  that  the  atmosphere  has  on  signal  fading 

3.  Predict  the  signal-to-noise  improvement  as  a  function  of  the  number  of  array  elements. 

4.  Investigate  techniques  that  can  be  used  to  provide  an  adequate  lock-in  range  (i.e.,  a  way  to  track  and 

lock  the  two  receivers  even  though  the  phase  difference  at  their  inputs  becomes  many  times  In) 

5.  Incorporate  fiber  optic  mixers  in  the  two  element  receiver 

6.  Incorporate  pigtailed  detectors  and  grin  lenses  as  additional  receiver  apertures 

7.  Build,  design,  and  test  a  two-element  optically  co-phased  array  receiver 

8.  Perform  laboratory  tests  using  the  two-element  system  to  verify  its  performance 

9.  Perform  tests  at  ISTEF  over  the  1-Km  range  using  the  two-element  system 

10.  Using  the  data  obtained  from  the  ISTEF  experiments  modify  the  design  for  the  eight-element 
system. 

The  following  sections  describe  the  details  of  these  tasks  and  how  the  results  were  used  in  the  design  of  the  eight- 
element  coherent  array  receiver. 

2.2.  Accomplishments 

In  brief,  our  major  accomplishments  in  this  part  of  the  program  are: 

•  Analysis  of  three  space  diversity  receivers  for  coherent  array  laser  radar  systems 

•  Design/test  and  demonstration  of  a  dual  aperture  coherent  array  test  bed  (preliminary  prototype) 

•  Dual  aperture  measurements  of  2  km  (round-trip)  intensity  and  phase  pertubations  of  one  micron  laser 
speckle  propagating  through  a  turbulent  atmosphere 

•  Design  of  an  eight  aperture  coherent  array  test  bed  (refined  design) 

These  will  be  discussed  in  the  following  sections.  The  group’s  technical  presentations  and  publications  on 
this  program  are  listed  in  Section  2.5.  Two  of  these  are  reproduced  in  Appendices  2A  and  2B. 

2.2.1.  Analysis  of  Space  Diversity  Receivers  for  Coherent  Array  Laser  Radar  Systems 

In  the  initial  stages  of  this  program  a  detailed  analysis  of  the  application  of  three  popular  RF  space 
diversity  receivers  for  coherent  array  laser  radars  was  performed.  The  details  of  this  analysis  are  presented  in  a 
copy  of  a  journal  paper,  which  is  attached  in  Appendix  2. A.  The  fundamental  advantages  a  coherent  array  receiver 
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provides  over  a  single  element  coherent  receiver  are  it’s  inherent  ability  to  mitigate  carrier  fading  and  to  increase  the 
mean  CNR,  both  of  which  are  limited  by  either  atmospheric  turbulence  or  target-induced  speckle. 


2.2.I.I.  Equal  Gain,  Maximal  Ratio  and  Selection  Diversity  Receivers 

Optical  coherent  array  receivers  belong  to  a  more  general  class  of  signal  processing  architectures  called 
space  diversity  receivers.  Major  advances  in  space  diversity  receivers  occurred  in  the  1950’s  where  the  technology 
was  being  applied  to  mobile  radio  communications.  During  this  time  frame  three  popular  architectures  emerged:  1) 
the  selection  receiver,  2)  the  equal-gain  (EG)  receiver  and  3)  the  maximal-ratio  (MR)  receiver.  In  this  section  we 
highlight  the  results  of  a  detailed  performance  analysis  of  these  three  receiver  architectures  for  an  optical  coherent 
array  receiver  as  described  in  Figure  2.4. 


Figure  2.4:  Space  diversity  receiver  architectures:(a)  selection,  (b)  equal-gain,  and  (c)  maximal-ratio. 


The  maximal-ratio  receiver,  which  is  sometimes  referred  to  as  the  ratio-squarer  receiver,  was  first  proposed 
by  Kahn  for  mobile  radio  communications.  In  this  architecture,  the  RF  signals  are  co-phased,  have  their  amplitudes 
separately  adjusted,  and  then  summed  to  generate  a  composite  RF  signal  with  improved  qualities.  The  MR  receiver 
is  the  optimal  receiver,  in  that  it  yields  a  carrier  with  the  highest  mean  CNR  and  lowest  CNR  fading.  This  type  of 
signal  processing  technique  can  be  thought  of  as  a  method  which  produces  a  synthetic  local  oscillator  field  that  is 
both  amplitude  and  phase-matched  to  the  distorted  received  signal.  Therefore,  it  yields  the  highest  possible 
heterodyne  efficiency.  Using  this  conceptual  approach,  it  becomes  obvious  that  the  optimum  electronic  gain  for 
each  receiver  should  be  one  which  synthesizes  a  local  oscillator  field  amplitude  which  is  proportional  to  the 
received  signal  field  amplitude. 

The  implementation  of  a  MR  receiver  requires  the  development  of  signal  processing  hardware  which 
adjusts  both  the  delay  and  the  gain  elements  of  the  array  RF  outputs.  The  rate  at  which  these  must  be  adjusted  will 
be  dictated  by  the  rate  at  which  the  target  speckle  and  atmospheric  turbulence  fluctuates.  Target  speckle  fluctuation 
rates  are  dependent  upon  transverse  target  velocities,  while  the  atmospheric  fluctuations  typically  do  not  exceed  one 
kHz  [5]. 

An  equal-gain  receiver  differs  from  the  MR  receiver  in  that  equal  gains  are  applied  to  all  the  RF  signals, 
but  no  effort  is  made  to  match  the  amplitudes.  Thus  only  the  phase  of  the  synthetic  local  oscillator  field  is  adjusted 
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to  match  the  signal  field.  As  we  will  show  in  the  next  section,  this  phase-matching-only  technique  results  in  carrier 
statistics  which  are  very  close  to  those  which  would  be  obtained  from  the  optimal  MR  receiver. 

A  selection  receiver  is  quite  different  from  the  above  two  coherent  summing  receivers.  In  this  type  of 
receiver,  the  single  strongest  RF  signal  is  switched  to  the  output,  while  all  the  other  array  element  signals  are 
discarded.  This,  the  simplest  type  of  coherent  array  receiver,  does  little  to  improve  the  mean  CNR.  However,  it 
does  provide  a  reasonable  reduction  in  the  signal  fading,  albeit  with  less  of  an  improvement  than  would  be  achieved 
using  a  MR  receiver. 

2.2.1. 2  Mean  CNR  Improvement 

Analytic  expressions  for  the  mean  CNR  of  the  three  types  of  can  be  written  in  terms  of  the  single  aperture 

CNR,  5 ,  and  the  number  of  receiver  apertures  M.  The  derivation  of  these  expressions  (Ref  5)  assumed  the 
following:  1)  each  receiver  had  equal  average  noise  and  carrier  powers,  2)  the  statistics  of  the  carrier  amplitude  is 
Rayleigh,  which  is  typical  for  fully  developed  dynamic  speckle,  and  3)  that  the  signal  fields  in  each  aperture  are 
spatially  independent  (i.e.,  the  spacing  between  the  apertures  is  such  that  the  amplitude  and  phase  statistics  of  each 
detected  signal  is  independent). 


E[Amr(0]=M6. 

(2.7) 

E[A^^(0]  =  (l  +  (M-l)7t/4)6. 

(2.8) 

(2.9) 

In  the  limit  of  large  M,  the  mean  EG  receiver  CNR  approaches  7r/4  (or  -1.05  dB)  of  the  mean  MR  CNR. 
The  selection  receiver’s  mean  CNR  turns  out  to  be  well  approximated  by  a  logarithmic  function  of  the  number  of 
receiver  apertures.  The  above  expressions  are  demonstrated  graphically  in  Figure  2.4 
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Figure  2.5:  Mean  CNR  for  the  MR,  EG,  and  selection  coherent  array  receivers. 

An  alternative  way  to  view  these  results  is  to  consider  the  number  of  independent  array  elements  required 
to  increase  the  mean  CNR  by  10  dB.  It  is  straightforward  to  show  that  the  resulting  number  of  array  elements  is  10, 
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13,  and  12,000  for  the  MR,  EG,  and  selection  methods  respectively.  Similarly,  to  reduce  the  fading  strength 
(noimalized  variance)  by  a  factor  often,  10,  1 1,  and  31  independent  array  elements  would  be  required  for  the  MR, 
EG,  and  selection  receivers  respectively. 

2.2.1. 3  Carrier  Fading  Reduction  Factors 

The  amount  of  carrier  fading  is  quantified  statistically  via  the  normalized  CNR  variance,  which  is  imity  for 
a  single  aperture  coherent  transceiver  illuminating  a  diffuse  target.  Expressions  for  the  CNR  variance,  listed  below, 
were  derived  during  this  program  and  were  used  to  predict  the  fading  reduction  as  a  function  of  the  number  of 
receiver  apertures. 

anl  =1/M.  (2.10) 


an 


2 

^EG 


2(-(27i^  -  87t)M^  +  (571^  -  207t  +  16)M  -  0%^  -  \2%  +  8)j 


(2.11) 


an 


2 

A 


5' 


(-1)* 


(-1)^ 


(2.12) 


Thus  the  normalized  variance,  for  the  MR  receiver,  decreases  by  a  factor  proportional  to  the  reciprocal  of 
the  number  of  recovers.  The  EG  receiver’s  normalized  variance  can  be  shown  to  be  at  worst  only  9.26%  larger  than 
the  MR  normalized  CNR  variance,  whereas,  the  selection  receiver’s  normalized  variance  reduces  much  more 
slowly.  The  above  expressions  are  depicted  graphically  in  Figure  2.5 
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Figure  2.6:  Normalized  CNR  variance  for  tiie  MR,  EG,  and  selection  coherent  array  receivers. 
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2.2.1 .4  Effect  of  Signal  Correlation  Between  Receiver  Apertures 

In  some  configurations  (i.e.,  dense  arrays,  or  if  the  array  elements  are  small  and  closely  spaced  compared 
to  the  speckle  correlation  length)  the  RF  amplitudes  will  be  correlated  due  to  overlapping  speckle.  In  the  case  of  the 
MR  receiver,  if  the  signal  amplitudes  are  not  spatially  independent,  then  the  signal  fading  will  be  worse  than 
predicted  by  the  theoretical  expressions  given  in  the  above  section,  however  the  mean  CNR  for  an  MR  receiver  will 
remain  unchanged.  In  the  limit,  as  the  speckle  size  exceeds  the  overall  array  size,  the  normalized  variance  of  the 
composite  RF  signal  will  increase  from  HM  to  that  which  is  obtained  using  a  single  detector  (i.e.,  unity).  In  other 
words,  in  this  extreme  limit,  the  array  behaves  just  like  a  single,  equal  area,  large  aperture  conventional  coherent 
receiver. 

2.2.2.  Dual  Aperture  Coherent  Array  Receiver  Design  and  Development 

Even  though  the  maximum  ratio  architecture  for  combining  several  received  signals  provides  the  best 
improvement  in  the  mean  CNR  and  the  best  reduction  in  fading,  this  architecture  is  by  far  the  most  difficult  to 
design  and  build.  In  comparing  the  equal  gain  method  with  the  maximum  ratio  method,  for  array  receivers  in  which 
the  number  of  apertures  is  less  than  100,  the  improvement  in  the  mean  CNR  of  using  the  maximum  ratio  method 
over  the  equal  gain  method  can  not  be  justified  due  to  the  increased  complexity  in  hardware  implementation. 
Hence,  the  approach  taken  in  designing  the  two-aperture  array  receiver  is  to  use  the  equal  gain  method.  This 
essentially  reduces  the  problem  to  co-phasing  each  of  the  two  receiver  apertures  with  each  other. 

AOM  Monostatic 


yi  PBS  27  MHZ  PBS  XIA  Transceiver 


Figure  2.7:  The  two-element  transceiver  system. 
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We  have  developed  a  dual  aperture  offset  homodyne  coherent  laser  radar  system  illustrated  in  Figure  2.7. 
The  system  utilizes  a  NdiYAG  50  mW  commercially  available  laser  source.  A  Faraday  isolator  produces  40  dB  of 
feedback  isolation.  The  focused  beam,  which  is  vertically  polarized,  goes  through  a  half-wave  (HW)  plate  that 
causes  the  polarization  of  the  laser  beam  to  have  a  circular  component.  The  beam  is  then  propagated  through  a 
polarizing  beam  splitter  (PBS)  that  reflects  the  vertically  polarized  part  of  the  signal  by  90®  to  become  the  local 
oscillator  (LO).  This  HW  plate  and  PBS  combination  provides  a  variable  adjustment  of  the  laser  transmitter  power 
and  the  LO  beam.  The  LO  is  then  launched  into  a  fiber  to  be  mixed  later  with  the  received  signal. 

The  horizontally  polarized  part,  the  transmitter  field,  passes  through  an  acousto-optic  modulator  (AOM)  that 
modulates  the  beam  by  27.12  MHz,  and  then  through  a  second  PBS  that  transmits  straight  ahead  only  horizontally 
polarized  light.  This  PBS  is  followed  by  a  quarter-wave  (QW)  plate  that  produces  right-hand  circularly  polarized 
light.  The  PBS-QW  plate  combination  is  known  as  an  optical  switch  or  polarization  duplexer.  This  optical  switch 
separates  the  return  field  from  the  transmitter  field  in  the  monostatic  transceiver.  The  received  optical  beam  then 
passes  through  a  static  fiber  birefringence  compensator  that  consists  of  a  QW  and  a  HW  plate  and  then  is  launched 
into  a  fiber  to  be  mixed  with  the  LO  beam  via  a  fiber  optic  coupler. 

The  bistatic  receiver  is  implemented  using  a  commercially  available  fiber  beam  collimator.  The  optical 
alignment  of  the  bistatic  receiver  is  accomplished  by  maximizing  the  overlap  between  the  back-propagated  electric 
field  at  the  target  with  the  transmitted  field  at  the  target.  The  received  signal  is  then  fed  into  a  variable  fiber  phase 
delay  unit  from  which  its  output  is  optically  combined  with  the  LO  via  a  fiber  optic  coupler.  The  output  of  the  fiber 
optic  coupler  is  then  detected  using  a  photo-detector-pre-amplifier  stage.  The  output  of  this  is  then  fed  back  to  the 
phase  compensation  electronics  shown  in  Fig.  2.8. 


Detection  Electronics 


Control  Signal  E™''  Signal 

Test  Point  Point 

Figure  2.8:  Electro-Optic  Phase-Locked  Loop  Block  Diagram. 
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This  drawing  illustrates  all  the  components  of  the  electro-optic  phase-locked  loop  (EOPLL)  and  how  it  is 
integrated  into  the  transceiver.  The  phase  compensation  electronics  are  part  of  the  electro-optic  phase-locked  loop. 
The  phase  compensation  electronics  consists  of  the  automatic  gain-controlled  amplifier  (AGC),  the  phase  detector, 
the  loop  filter,  and  the  high  power  amplifier. 

There  are  two  major  categories  of  phase  detectors:  sequential  circuits  and  multiplier  circuits  [15].  The  output 
of  a  sequential  phase  detector  is  a  function  of  the  time  interval  between  a  zero  crossing  of  the  input  signal  and  a  zero 
crossing  of  the  reference  signal.  A  multiplier  circuit  generates  an  output  that  is  proportional  to  the  phase  difference 
between  the  input  signal  and  the  reference  signal.  In  general  sequential  circuits  do  not  operate  as  well  as  multipliers 
in  the  presence  of  noise  because  their  response  depends  on  waveform  edges.  For  this  reason  a  multiplier  circuit  was 
selected  to  implement  the  phase  detector  for  the  CREOL  EOPLL. 

An  input  electrical  signal  to  a  multiplier  circuit  can  be  represented  by: 

0.  =  A^SifKsy^t  (2.13) 


and  a  reference  signal  that  has  a  phase  difference  with  respect  to  the  other  input  ^  it  can  be  written  as: 

0Q  =  A^Sin(si>Qt  +  (})  ) 

The  multiplier’s  output  signal  is  then  given  by: 


^PD  “ 


-^K^Cos(2co,r  +  <l>) 


(2.14) 


(2.15) 


2  2 

where  is  the  mixer  gain.  For  the  EOPLL  application,  the  double  frequency  term  is  eliminated  by  the  lowpass 
loop  filter  before  it  reaches  the  PZT;  therefore,  the  error  function  of  the  loop  is: 

4A 


-K^Cos(<f>) 


(2.16) 


The  error  signal  is  proportional  to  phase  differences  about  90°,  since  =  0  when  (|)  =  ^/2 '  small 
changes  in  phase  Acj)  ,  the  phase  difference  is: 


(t)  =  y+A(t)  (2.17) 

and  the  error  signal  becomes: 

V  =  =  (2.18) 

^  2  2  2  2 

Figure  2.9  gives  the  measured  voltage  output  of  the  phase  detector  as  a  function  of  phase  error  for  constant 

values  for  the  input  amplitudes  of  both  signals  (Aj,  A^  =  0.5  vrms).  For  small  phase  errors  shown  in  the  center  of 

the  plot,  the  transfer  curve  in  nearly  linear  validating  the  approximation  made  in  Equation  (2.18).  Unfortunately, 

Equation  (2.18)  clearly  shows  that  the  phase  detector  output  depends  on  the  amplitude  of  the  input  signals.  Hence 

fading  in  the  received  signal  results  in  variations  in  the  phase  detector  output.  In  order  to  have  a  constant  phase 

detector  gain,  the  amplitude  of  its  input  signals  must  be  kept  at  a  constant  level,  which  is  accomplished  using  an 

automatic  gain  control  circuit  (AGC). 
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Phase  Difference  in  Degrees 

Figure  2.9:  Experimentally  Measured  Phase  Detector  Performance  Curve. 

The  overall  gain  of  a  EOPLL  is  a  function  of  the  amplitude  of  the  input  signal  [16];  therefore,  it  is  necessary 
to  provide  the  phase  detector  with  input  signals  of  constant  and  known  amplitude.  The  addition  of  an  AGC  circuit  at 
both  phase  detector  inputs  offers  a  good  solution  for  this  problem  since  an  AGC  yields  a  constant  amplitude  output 
over  a  wide  dynamic  range  of  input  voltages  and  introduces  little  or  no  phase  distortion. 

The  system  requirements  for  the  AGC  are  shown  on  Table  2.1.  The  40  dB  dynamic  range  requirement  for  the 
AGC  was  obtained  from  amplitude  fade  data  which  show  that  the  received  signal  amplitude  variation  due  to 
turbulence  lies  within  a  40  dB  range.  The  maximum  phase  change  of  3®  or  0.052  radians  over  the  AGC  input 
dynamic  range  was  determined  from  the  10®  phase  requirement.. 

Table  2.1:  AGC  Design  Requirements. 


Parameter 

Value 

Dynamic  range 

S40dB 

AGC  range 

1  mV|y^5  to  100  mVpJ^^5 

Phase  Change  Max. 

30 

Bandwidth 

«  40  MHz 

The  plots  presented  in  Figure  2.10  were  obtained  from  actual  AGC  data.  These  plots  show  that  the  AGC  has 
a  dynamic  range  of  41.5  dB,  and  less  than  2®  of  phase  shift  over  its  range  of  operation.  This  last  feature,  the  low 
phase  shift,  is  what  makes  this  design  appropriate  for  the  EOPLL  since  the  goal  is  to  introduce  in  the  system  as  little 
phase  shift  as  possible.  Thus  the  response  of  the  loop  is  determined  by  the  true  phase  difference  between  the  phase 
detector  inputs  alone.  Finally,  the  bandwidth  of  the  AGC  was  measured  to  be  approximately  35  MHz. 
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Figure  2.10:  Measured  AGC  Transfer  Characteristics 

The  magnitudes  of  piezo-electric  voltages  and  forces  are  very  small;  therefore,  the  induced  dimensional 
changes  in  PZT’s  are  on  the  order  of  micro-inches.  In  particular,  the  wrapped  PZT  selected  to  implement  the 
optical  delay  of  the  EOPLL  has  a  gain  of  only  3.5  radians  per  volt.  However,  it  has  a  large  linear  dynamic  range, 
thus,  a  voltage  swing  of  200  V  across  the  electrical  terminals  of  the  PZT  yields  a  phase  dynamic  range  of  700 
radians  peak.  A  high  voltage  power  amplifier  was  designed  which  provides  the  voltage  level  necessary  to  obtain 
about  500  radians  of  dynamic  range  for  the  control  loop  of  the  Laser  Radar  System  of  502.6  radians. 

The  power  amplifier  was  designed  with  an  APEX  PA85A  power  operational  amplifier  in  an  inverting 
configuration.  The  PA85A  power  operational  amplifier  fi:om  APEX  is  recommended  for  piezo-transducer 
excitation  since  it  features  ±225V  of  output  swing,  200mA  of  output  current,  and  can  be  externally  compensated  to 
enhance  its  stability.  The  amplifier  gain  was  set  to  15  so  that  an  input  of  ±15V  results  in  the  total  output  swing  of 
±225V  (±  787.5  radians)  which  the  PA85A  is  capable  of  delivering.  Overvoltage  hazards  can  cause  damage  to  the 
power  operational  amplifiers  as  a  sudden  voltage  increase  may  be  generated  by  power  supplies,  inductive  loads,  and 
PZT’s.  Overvoltage  can  destroy  a  power  operational  amplifier  through  the  power  supply  terminals,  the  input 
terminals,  or  the  output  terminal.  Hence,  power  supply  terminals  were  protected  with  unidirectional  transient 
suppressor  diodes  that  withstand  high  transient  stress.  Unipolar  TranZorb  diodes  are  preferred  since  they  can 
protect  the  amplifier  from  accidental  supply  reversal  or  supply  loss. 

Figure  2.11  illustrates  the  high  voltage  amplifier  frequency  response.  The  curve  was  generated  from 
experimental  data  with  an  input  of  200mV.  Circuit  testing  demonstrates  good  stability  and  flat  frequency  response 
up  to  100  kHz.  The  response  of  this  high  voltage  amplifier  was  satisfactory  and  it  has  met  the  design  specifications. 
An  important  feature  of  this  design  is  the  protection  against  the  typical  overvoltage  hazards  present  in  most  PZT 
applications. 
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Figure  2. 1 L  Power  Amplifier  Frequency  Response. 

The  loop  filter  used  in  the  two-aperture  system  was  a  simple  integrator  containing  a  adjustable  gain 
constant.  This  loop  filter  produced  a  closed  loop  response  which  was  flat  to  500  Hz.  This  control  system  was 
sufficient  to  perform  initial  experiments  with  the  two-element  system  at  ISTEF  over  the  1km  range. 

2.2.3.  The  Design  and  Development  of  an  Eight  Aperture  Coherent  Array  Receiver 

Upon  the  successful  demonstration  of  the  coherent  array  concept  using  two  apertures  at  ISTEF,  CREOL 
proceeded  with  the  design  and  development  of  an  eight  aperture  coherent  array.  Knowledge  obtained  during  the 
development  and  test  of  the  dual-aperture  prototype  receiver  was  utilized  to  design  an  improved  array  technology, 
which  has  been  completed  on  our  follow-on  contract.  Advances  in  this  technology  were  made  in  the  following 
areas: 

•  Development  of  a  dual  detector  photoreceiver 

•  Development  of  improved  PZT  devices  (electrical  models  and  selection  criteria)  culminating  in  the 
selection  of  an  improved  PZT  device  with  a  first  resonance  near  47  kHz 

•  Development  of  an  improved  loop  filter  design  with  greater  than  5  kHz  error  bandwidth 

•  Development  of  a  better  understanding  of  control  systems  and  definition  of  a  detailed  performance 
evaluation  procedure. 

In  this  section  we  describe  these  advances,  with  the  exception  of  the  dual-detector  photoreceiver,  since  it  is 
described  in  a  later  section. 

The  design  of  the  hybrid  phase  locked  loop  is  based  upon  a  linear  model  [17].  Although  the  PEL  is  nonlinear 
because  the  phase  detector  is  a  nonlinear  device,  linearity  can  be  assumed  when  the  loop  is  locked,  since  under  the 
locked  condition  it  operates  with  a  very  small  phase  error.  Since  iSz72(A0  )  =  A0  for  A6  <  30°,  the  phase  detector 
can  be  modeled  as  a  linear  device  when  the  phase  difference  is  small.  As  a  linear  device,  the  phase  detector  is 
modeled  as  a  summing  junction  and  a  gain  block  that  is  proportional  to  the  level  of  the  two  inputs.  Using  the  linear 
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model,  the  hybrid  phase-locked  loop  can  be  represented  by  the  block  diagram  given  in  Figure  2.12.  The  input 
signal  has  a  phase  of  ©i(t),  and  the  PZT  output  has  a  phase  of  ©o(t).  The  phase  detector  output  or  error  signal  is 

Ve(t)  =  K,(©,-©J,  (2.19) 

where  is  the  phase  detector  gain  factor  and  has  units  of  volts  per  radian. 

The  error  signal  is  filtered  and  amplified.  The  loop  filter  suppresses  noise  and  high  frequency  components. 
The  loop  filter  and  PZT  transfer  functions  will  be  specified  in  the  following  sections.  For  now,  they  will  be 
represented  by  KfF(s)  and  KpPZT(s),  where  Kp,  the  loop  filter  gain  factor,  is  unitless,  and  Kp,  the  PZT  gain  factor, 
has  units  of  radians  per  volt.  In  the  diagram  of  Figure  2. 1 1  the  gain  block  K  represents  the  overall  gain  of  the  loop, 
which  is  given  by: 


K  =  K,KpKpKHVA 


(2.20) 


Loop 

Phase  Oain 


Figure  2.12.  Hybrid  PLL  Linear  Model. 

All  the  terms  in  Equation  2.20  have  been  defined,  except  K^va*  This  factor  represents  the  gain  of  the  high 
voltage  amplifier  that  drives  the  PZT  and  that  is  needed  in  the  system  to  provide  appropriate  signal  levels  to  meet 
the  requirements  of  the  PZT. 

The  block  diagram  of  Figure  2.12  can  be  described  by  the  following  equations: 

0,(J)  =  ©,W-®.W 

@,(s)-e,(s)F(s)PZT(s)K 

The  characteristic  loop  transfer  functions  can  be  derived  from  Equations  (2.21)  and  (2.22) 

(2.21)  in  (2.22)  yields  the  following: 

®,(S)  =  [©,(^)  -©o(^)]F(5)PZr(5)/^  (2.23) 


(2.21) 

(2.22) 

.  Replacing  Equation 
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(2.24) 


0,(5)  \  +  F{s)PZT{s)K 

Q,(s)~  F(s)PZT(s)K 

Qo(s)  KF(s)PZT(s) 

^  0/(5)  l  +  KF(s)PZT(s) 


(2.25) 


(2.26) 


Equation  2.26  is  known  as  the  Closed-loop  Transfer  Function  of  the  EOPLL,  since  it  gives  the  output  to  input 
relation  when  the  loop  is  closed.  Another  important  loop  transfer  function  is  the  Error  Function  Err(s),  which 
establishes  the  phase  error  to  input  phase  relation.  Placing  Equation  (2.21)  in  Equation  (2.22)  yields  the  following 
equations: 


®Xs)  =  @.Xs)-eXs)F(s)PZT(s)K 

(2.27) 

©,(5)  =  ©,(5)[i+F(5)Pzr(5)ii:] 

.28) 

Err(s)  =  ^ - =  ^-H(s) 

^  ^  ©,(5)  \  +  F(s)PZT(s)K 

(2.29) 

Finally,  the  Open  Loop  Transfer  Function,  G(s),  is  given  by: 

G(s)  =  KF(s)PZT(s) 


(2.30) 


Ideally,  when  the  loop  is  locked,  in  the  limit,  H(s)  in  Equation  (2.30)  approaches  1  whereas  Err{s)  — >  0. 
Equations  (2.26),  (2.27)  and  (2.28)  describe  the  control  system,  and  typically  are  utilized  to  evaluate  the 
performance  of  the  system.  A  detailed  analysis  of  the  PZT  and  its  transfer  function  must  be  given  in  order  to 
determine  the  system  performance,  since  the  PZT  characterization  will  be  the  deteimining  factor  for  the  loop  filter 
design.  Once  KpPZT(s)  and  KpF(s)  are  defined,  the  performance  of  the  hybrid  phase-locked  loop  can  be  evaluated. 

As  established  during  the  two-element  experiments  at  ISTEF  [5],  most  of  the  phase  corruption  of  the  optical 
signal  is  caused  by  atmospheric  turbulence.  Therefore,  the  system  requirements  are  determined  by  the  statistics  of 
the  phase  fluctuations.  Collected  measurements  show  that  atmospheric  turbulence  causes  as  much  as  ±40  waves  of 
phase  deviation  or  502.65  radians  peak  to  peak.  From  the  same  set  of  measurements  the  phase  power  spectrum  was 
obtained,  and  it  was  determined  that  at  5  Hz  the  phase  disturbance  is  around  502  radians,  while  at  1  kHz  it  is  only 
about  0.709  radians.  These  two  figures  are  used  to  set  the  specifications  of  the  control  system. 

From  the  block  diagram  of  Figure  2.12  with  the  loop  open  the  error  signal  can  be  expressed  as: 


Qo(^) 

KF(s)PZT(s) 


(2.31) 


In  Equation  (2.31)  the  overall  system  gain  is  K,  as  given  by  Equation  (2.20).  To  set  the  gain  specifications 
for  the  system,  F(s)  and  PZT(s)  in  Equation  (2.31)  can  be  disregarded;  these  expressions  do  not  involve  gain,  since 


2-17 


all  the  gain  factors  of  the  system  are  represented  in  the  overall  system  gain  K.  The  maximum  phase  error  allowed  in 
the  loop  is  set  at  10°  or  0.17  radians,  as  specified  by  the  design  requirements  of  the  system.  From  Equation  (2.31) 
the  gain  is  given  by: 


©o(^) 


0,(5^ 


U7 


©,(s)  =  0.17 


(2.31) 


Substituting  the  5  Hz  phase  disturbance  and  the  maximum  error  in  Equation  (2.13)of  0.17,  a  required 
minimum  gain  at  5  Hz  of  approximately  3000  or  70  dB  is  obtained: 

502 

^5ife=-^«3000  (2.33) 

Similarly,  the  required  minimum  gain  at  1  kHz  is  approximately  4.1  or  12.2  dB,  as  given  by: 

0-709  , , 

(2.34) 

These  specifications  assure  that  the  electro-optic  phase-locked  loop  (EOPLL)  can  effectively  co-phase  signals 
propagating  through  atmospheric  turbulence  while  maintaining  the  system  requirement  of  less  than  10°  of  phase 
error.  With  the  system  gain  specifications  given,  the  next  step  is  to  define  the  PZT  and  loop  filter  transfer  functions. 
With  these  functions  defined,  all  the  components  of  the  EOPLL  will  be  specified,  and  the  performance  of  the  system 
can  be  evaluated. 

PZT’s  are  manufactured  in  different  shapes  and  configurations,  and  can  be  used  in  several  different  ways  as 
optical  delay  devices.  For  the  EOPLL  a  PZT  cylinder  is  most  advantageous  for  ease  in  which  optical  fiber  can  be 
wrapped  around  the  device,  and  because  of  its  high  frequency  response.  Piezo-electric  ceramics  present  resonant 
modes  that  depend  on  the  size  and  shape  of  the  device.  Thin-walled  cylinders  exhibit  three  dominant  resonant 
modes:  one  axial  and  two  radial.  One  of  the  radial  modes  is  determined  by  the  wall  thickness  and  is  usually  higher 
than  300  kHz.  The  other  radial  mode,  called  the  “hoop”  mode,  depends  on  the  diameter  of  the  cylinder.  This 
displacement  mode  produces  most  of  the  phase  variation  in  the  signal  propagating  through  the  fiber  by  changing  the 
length  of  the  fiber.  The  axial  mode  depends  on  the  length  of  the  device  and  can  appear  in  the  same  frequency  range 
as  the  hoop  mode  [18]. 

A  PZT  cylinder  of  0.125  in.  of  wall  thickness,  a  diameter  of  lin.,  and  0.75  in.  long  was  found  to  be  the  most 
appropriate  device  for  the  optical  delay  unit  within  the  CREOL  laser  radar  system.  The  dimensions  of  the  PZT  were 
selected  to  produce  a  hoop  resonance  at  approximately  47  kHz.  It  was  desired  to  produce  an  axial  resonance 
significantly  higher  than  the  hoop  resonance,  so  that  a  single  resonant  mode  model  can  be  used  to  model  this  device. 
PZT-4  from  Morgan  Matroc  INC.,  lead  zirconate  titanate,  was  the  material  selected  for  this  application.  The 
selection  of  this  material  was  based  on  the  high  elastic  modulus  and  low  power  dissipation  of  this  material  [18]. 

The  use  of  an  equivalent  electrical  circuit  has  been  of  common  practice  to  model  electrical  and  mechanical 
systems.  There  are  several  basic  equivalent  circuits  for  modeling  a  PZT.  The  circuit  shown  in  Figure  2.13  was 
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foiind  to  be  the  most  appropriate  for  the  PZT  cylinder  chosen  to  implement  the  optical  delay  in  the  EOPLL,  since  it 
represents  a  PZT  with  a  single  resonant  mode. 


Figure  2.13:  PZT  and  Equivalent  Circuit  Model. 


In  the  equivalent  circuit  the  input  represents  the  PZT  terminals,  where  the  excitation  voltage  is  applied,  and 
the  output  represents  the  deformation.  The  output  can  be  considered  as  the  mechanical  terminals,  where  the 
mechanical  energy  transfer  to  or  from  the  PZT  takes  place.  The  inductance  represents  the  effective  vibrating  mass 
of  the  device  [18].  Capacitor  Ce  represents  the  electrical  capacitance  and  capacitor  Cm  represents  the  mechanical 
compliance  of  the  PZT.  Resistor  Rm  represents  the  mechanical  impedance.  The  circuit  current  represents  the 
velocity  of  the  energy  transfer.  It  is  important  to  point  out  that  any  equivalent  circuit  is  only  an  approximation  to  the 
actual  behavior  of  the  device.  This  approximation  is  valid  and  accurate  only  up  to  frequencies  slightly  higher  than 
the  first  resonant  frequency  of  the  device. 

Using  parametric  circuit  analysis  techniques  the  equivalent  circuit  is  described  by  the  following  equations: 


Vin 

1 

O' 

'1 

Rm  +  sLm 

1 

0' 

Vout 

lin 

sCe 

1_ 

_0 

1 

sCm 

1_ 

lout 

(2.35) 


Vin 

lin 


1  +  CmRms  +  LmCms^ 

Rm  +  Lms 

Vout 

{Ce  +  Cm)s  +  RmCeCms^  +  LmCeCms^ 

1  +  RmCes  +  LmCms~ 

lout 

Since  the  circuit  is  not  loaded  1^^^=  0;  hence,  Equation  (2.36)  becomes: 


Vin 

lin 


1 4-  CmRms  +  LmCms^ 

(Ce  4-  Cm)s  +  RmCeCms^  4-  LmCeCms^ 


Vout 

Vout 


(2.37) 


Equation  (2.37)  yields  much  insight  about  the  behavior  of  the  PZT.  From  this  equation  the  transfer  function 
and  the  characteristic  impedance  of  the  device  can  be  derived. 

The  transfer  function  is  given  by: 


PZT{s)  = 


Vout 

Vin 


_ 1 _ 

1  +  RmCms  4-  LmCms^ 


(2.38) 
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The  input  current  is  given  by: 


Iin{s)  = 


{Ce  +  Cm)s  4-  RmCeCms^  +  LmCeCms^ 


X  Vout 


(239) 


Combining  equations  (238)  and  (239)  an  expression  for  the  impedance  of  the  PZT  can  be  obtained  as 
follows: 

1  +  CmRms  +  LmCms^ 


Vin 

Zin{s)  =  —  = 
lin 


.  CeCmRm  LmCeCm  ^ 

(Ce  +  cm)^  1  +  — ^  +  — — 5" 

Ce+Cm  Ce  +  Cm 


(2.40) 


The  impedance  of  the  PZT  given  by  equation  (2.40)  is  a  function  of  the  form 


Z(5)  = 


S 

Q^n 


Cj-i 


1+ 


Qp^p 


Comparing  equations  (2.40)  and  (2.41)  yields: 

1  r  Ce  +  Cm 
2%  \.LmCeCml 

1 

4  = - / 

271  (LmCmy- 

Oco  =  — - — 
CmRm 

Ce-\- Cm 
^  RmCeCm 


(2.41) 


(2.42) 

(2.43) 


(2.44) 

(2.45) 


At  very  low  frequencies  Equation  (2.40)  can  be  approximated  with  a  linear  function  with  slope  of 

1 

m  = - 

(Ce  +  C/72)27i 


(2.46) 


Hence,  Equations  (2.41)  through  (2.46)  can  be  used  to  calculate  the  values  of  the  model  parameters  Ce,  Cm,  Lm  and 
Rm  from  the  measured  performance  of  the  PZT. 

Figure  2.14  depicts  the  experimental  set-up  used  to  obtain  measurements  f„„  m,  0„  and  0^.  As  it 

will  be  shown  later,  the  addition  of  resistor  Re  in  series  with  the  PZT,  as  shown  in  Figure  2.14,  changes  the  response 
of  the  PZT  from  a  second  order  to  a  third  order  system.  Nevertheless,  if  Re  is  very  small,  its  effect  is  negligible; 
therefore,  the  measurements  of  the  critical  frequencies  and  the  slope  obtained  with  this  experimental  set-up  will 
yield  a  good  approximation  to  the  model  parameters. 
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The  input  signal  is  a  sine  wave  of  known  amplitude.  By  manually  sweeping  the  frequency  of  the  input  signal, 
f„  and  fp  are  located  at  the  frequencies  of  highest  and  lowest  output  levels,  respectively.  The  measured 
frequencies  for  a  0.125  x  1  x  0.75  in.  PZT-4  cylinder  with  eight  layers  of  fiber  wrapped  around  it  were  found  to  be 
f,  =  47.74  KHz  and  fp  =  46.36  KHz.  Q„  and  Qp  are  calculated  dividing  /,  and  by  their  respective  measured  3  dB 
bandwidth.  The  3  dB  bandwidth  is  found  by  measuring  the  frequencies  aroimd  f„  and  at  which  the  magnitude  of 
the  output  differs  by  3  dB  from  the  magnitude  at  and ^  .  The  3  dB  bandwidth  around  both  f„  andjj;  was  measured 
to  be  200  Hz;  therefore,  was  calculated  as  238.7,  while  was  found  to  be  231.8. 


Figure  2.14.  Experimental  set-up  for  PZT  Model  Parameters. 


Remembering  that  Z  =  Vin  /  lin,  Y  =  1/  Z,  I  =  Vout/  Re,  and  Y  =  Vout/  (Vin  x  Re),  a  set  of  input  and  output 
voltages  measured  at  low  frequencies  can  be  obtained  to  calculate  the  slope  of  the  admittance  plot.  The  slope  of  the 
admittance  plot  is  the  inverse  magnitude  of  the  impedance  slope.  The  slope  of  the  admittance  plot  at  low 
frequencies  was  found  to  be  32.075  x  10“^  D:\  The  PZT  model  parameters  shown  on  Table  2.2  were  obtained 
solving  Equations  (2.41),  (2.42),  and  (2.45)  simultaneously,  and  averaging  the  values  of  Rm  calculated  from 
Equations  (2.44)  and  (2.46). 

Table  2.2:  PZT  Model  Parameters. 


Parameter 

Value 

Ce 

4.815x10-’ F 

Cm 

0.284x10-’ F 

Lm 

41.48x10-^  H 

Rm 

59.93  n 

The  measured  total  capacitance  of  the  PZT,  =  Ce  +  Cm,  is  5.31  nF;  calculating  Cj-  from  the  PZT 
parameters  derived  from  experimental  data  yields  a  value  of  5.1  nF,  which  is  very  closed  to  the  direct  measured 
value  of  5.31  nF.  This  comparison  shows  that  the  model  parameters  obtained  are  a  very  good  approximation  to  the 
actual  PZT  parameters.  The  impedance  plot  of  the  PZT  model  shown  in  Figure  2.14  was  generated  from  Equation 
(2.39)  with  the  model  parameters;  this  plot  exhibits  the  expected  critical  frequencies  at  around  46.3  KHz  and  47.6 
KHz. 
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Figure  2.15.  Impedance  Plot  for  0.125x1x0.75  in.  PZT-4  Cylinder. 

Equation  (2.40)  was  useful  to  determine  the  model  parameters,  but  from  the  control  system  point  of  view  the 
area  of  interest  for  the  PZT  is  its  transfer  function,  as  given  by  Equation  (2.38).  The  plots  shown  in  Figure  2.16  (a) 
and  (b)  were  generated  using  equation  (2.38)  and  the  model  parameters  found  from  the  previously  described 
measurements.  The  resonant  peak  shown  in  the  magnitude  response,  Figure  2.16  (a),  at  approximately  46  KHz  is 
due  to  the  high  mechanical  Q  of  the  PZT.  A  mechanical  Q  of  approximately  230  and  a  gain  of  3.5  rad/volt  were 
evaluated  in  the  laboratory.  These  results  are  very  close  to  the  Q  measurements  obtained  from  experimental  data, 
which  gave  Q  values  of  238.7  and  231.8. 

The  resonant  peak  in  the  PZT  response  represents  a  problem  for  the  design  of  the  control  system.  The 
presence  of  this  resonant  peak  will  reduce  the  overall  gain  that  the  system  can  tolerate  before  becoming  unstable. 
Considering  this  problem,  two  possible  solutions  were  proposed  to  reduce  the  resonant  peak:  a  series  resistance,  and 
a  notch  filter. 

The  addition  of  a  series  resistance  reduces  the  mechanical  Q  of  the  PZT,  but  also  introduces  some  phase  loss. 
The  presence  of  the  series  resistance  transforms  the  PZT  transfer  function  from  the  response  given  by  Equation 
(2.38)  to  a  response  of  the  form: 
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Figure  2.16:  (a)  Magnitude  Response  of  the  PZT  Transfer  Function  and  (b)  Phase  Response  of  the  PZT 

Transfer  Function 


PZT{s)  = 


_ 1 _ 

1  + 


(2.47) 


where  aj  =  Rm  Cm  +  Re  (Ce  +  Cm),  a2  —  LmCm  +  ReRmCeCm,  and  =  ReLmCeCva.  Figures  2.17  and  2,18  show 
the  PZT  response  for  several  values  of  the  added  series  resistance.  Re  is  varied  from  lOOQ  to  900Q  in  increments  of 
200Q.  These  plots  show  that  the  addition  of  the  series  resistance  effectively  reduces  the  resonant  peak  of  the  PZT, 
but  it  also  causes  some  phase  loss.  As  seen  in  the  magnitude  plot,  most  of  the  peak  attenuation  takes  place  when  Re 
is  less  than  600Q;  beyond  that  value,  an  increase  in  Re  does  not  yield  significant  peak  attenuation.  The  phase  plot 
shows  that  there  is  a  more  or  less  uniform  increment  in  phase  loss  as  Re  increases.  Hence,  beyond  600Q  the  amoimt 
of  phase  loss  is  significantly  higher  than  the  degree  of  attenuation  that  can  be  achieved.  As  a  result  of  this  analysis, 
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a  series  resistance  of  510Q  was  selected  to  reduce  the  resonant  peak  of  the  PZT.  This  series  resistance  provides 
approximately  20  dB  of  peak  attenuation  with  a  phase  loss  of  only  10''  at  10  KHz. 


lP(i,Rel  ) 

40 

lP(i,Re2) 

Magnitude  ip(i,Re3) 

(dB)  lP(i,Re4) 

lP(i,Re5) 
lP(i,Re6) 

10 

Figure  2.17:  Effect  of  Re  on  the  Magnitude  of  the  PZT  Response 

The  second  method  considered  to  address  the  problem  represented  by  the  resonant  peak  in  the  PZT’s 
mechanical  displacement  curve  was  the  addition  of  a  notch  filter.  A  classical  design  approach  is  to  implement  two 
zeros  and  two  complex  poles  to  produce  a  notch  filter.  A  detailed  analysis  of  analog  notch  filters  is  presented  by 
Valkenburg  and  analyzed  here.  The  second-order  notch  characteristic  is  given  by  [19]: 


Log  (Frequency) 
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-20 
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Figure  2.18:  Effect  of  Re  on  the  Phase  of  the  PZT  Response  (a)  Overall  Response  and 
(b)  Response  Around  10  KHz. 
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At  the  notch  frequency  co^  the  magnitude  of  the  transfer  function  has  a  value  of  zero.  At  high  and  low  frequencies 
the  asymptotic  values  are  1  N(0)  I  =  0).-  /  (o/  and  I  N(oo)  |  =  1 . 

The  relative  values  of  co..  and  that  give  rise  to  the  highpass,  regular  and  lowpass  notch  characteristics 
shown  in  Figure  2.19  are  given  by 

—  <  1  (2.49) 


^  =  1  (2.50) 

—  >  1  (2.51) 


Since  the  purpose  of  die  notch  filter  in  this  feedback  loop  is  only  to  suppress  the  resonant  peak  of  the  PZT, 
the  desired  notch  filter  for  this  application  is  the  regular  notch.  Therefore,  the  transfer  function  of  the  desired  notch 
filter  is  given  by: 


iV(5)  = 


2  2 

^  +c»>, 

7 

+  (— >  +  ®o 


(2.52) 
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Figure  2.19:  Magnitude  Plot  of  Different  Notch  Filter  Characteristics. 


From  the  PZT  model  presented  previously  it  is  known  that  a  PZT  of  0.125  x  1  x  0.75  in.  connected  in  series 
with  a  510Q  resistance  has  a  resonance  of  approximately  28  dB  at  46.77  KHz,  Hence,  the  notch  frequency  should 
be  set  at  46.77  KHz.  The  Q  of  the  notch  poles,  in  terms  of  the  desired  attenuation,  is  defined  as  [19]: 


Q  = 


to. 

BWyl  10''°'^  -1 


(2.53) 
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Figure  2.20:.  Notch  Filter  Magnitude  and  Phase  Response. 

The  frequency  response  of  the  Q-compensated  PZT  given  by  Figure  2.21  corresponds  to  the  open-loop 
transfer  function  without  any  type  of  loop  compensation;  that  is,  in  Equation  (2.31)  F(s)  =  1.  This  frequency 
response  shows  that  the  system  needs  compensation  to  meet  the  specifications  established  previously.  Therefore,  a 
loop  filter  is  necessary  in  the  system  to  enhance  the  gain  at  low  frequencies,  and  provide  sufficient  phase  and  gain 
margin  to  make  the  system  stable.  Other  important  function  of  the  compensator  is  to  maximize  the  overall  system 
gain.  Maximum  system  gain  minimizes  the  system  error,  as  shown  by  Equation  (2.30). 

Since  a  linear  phase-locked  loop  model  is  a  feedback  network,  classical  linear  control  theory  may  be  used  to 
design  the  loop  filter  and  analyze  the  closed-loop  system  performance.  There  are  three  figures  of  merit  that  have 
been  used  traditionally  to  measure  closed-loop  system  performance:  stability,  bandwidth  and  error. 
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Figure  2.21:  PZT-Re-Notch  Combination  Frequency  Response. 

A  system  is  stable  if  all  the  poles  of  the  closed-loop  transfer  function  are  in  the  left  hand  side  of  the  s-plane. 
Establishing  the  locations  of  these  poles  and  their  migrating  path,  as  the  loop  gain  varies,  gives  insight  into  the 
behavior  of  the  system.  The  Bode  criterion  for  unconditional  stability  is  that  the  gain  must  be  less  than  1  (0  dB) 
before  the  phase  reaches  -180°  [Gardner  1979].  The  phase  margin  is  measured  as  the  amount  of  phase  needed  to 
reach  -180°  when  the  gain  is  1.  A  phase  margin  of  35°  to  45°  is  considered  to  yield  an  acceptable  degree  of 
stability  this  also  assures  a  gain  margin  of  at  least  1. 

System  error  is  a  very  important  parameter  in  the  loop  analysis.  The  error  is  the  normalized  signal  level  at 
the  output  of  the  summing  junction.  The  EOPLL  can  only  support  +7t/2  phase  error  before  it  becomes  unlocked, 
while  at  the  same  time,  a  small  error  is  necessary  for  proper  tracking.  As  discussed  earlier,  it  is  required  that  this 
control  system  operates  with  a  phase  error  less  than  10°  over  a  frequency  range  from  DC  to  5000  Hz. 

For  the  loop  filter  design  presented  here,  the  Q-compensated  PZT,  as  given  by  Equation  (2.55),  is  used  to 
model  the  PZT  transfer  function.  Loop  filter  design  is  a  science  and  an  art.  Computer  simulations  were  generated  to 
verify  the  response  of  the  loop  filter  design.  In  order  to  evaluate  the  effectiveness  of  the  loop  filter  it  is  necessary  to 
evaluate  the  performance  of  the  EOPLL  with  all  its  elements  in  place  in  the  open  loop  configuration.  The  approach 
taken  for  the  loop  filter  design  was  to  use  several  integrators  combined  with  a  single  zero;  the  integrators  provide  a 
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great  enhancement  on  the  DC  gain,  whereas  the  zero  helps  to  recoup  some  of  the  phase  lost  as  a  result  of  the  two 
poles  represented  by  the  two  integrators.  Such  a  loop  filter  has  a  transfer  function  of  the  form: 


F(s)  =  Kf-S— 

where  a  is  the  zero  location  in  rad/sec,  and  Kp  is  the  loop  filter  gain. 

The  open-loop  function  with  this  type  of  loop  filter  is  then  given  by: 


(2.56) 


G(s)  =  Kx  CPZT(s)F(s)  =  Kx  CPZT{s)  x  (2.57) 

where  CPZT(s)  is  given  by  Equation  (2.55),  and  K  is  the  overall  system  gain  as  given  by  Equation  (2.20).  In  this 
open-loop  response  there  are  two  parameters  that  must  be  analyzed:  K,  the  overall  gain,  and  a,  the  zero  location. 
These  parameters  have  to  be  selected  in  such  a  manner  that  the  stability  and  the  gain  requirements  for  the  control 
system  are  met. 

First,  the  effect  of  the  zero  location  will  be  analyzed.  Figure  2.22  shows  the  open  loop  response  plots 
generated  from  Equation  (2.57)  for  an  overall  gain  equal  to  1,  and  different  zero  locations.  From  the  magnitude 
plots.  Figure  2.22(a),  it  is  seen  that  at  frequencies  below  3  KHz  the  zero  location  does  not  have  any  effect  on  the 
response,  but  at  higher  frequencies  the  zero  location  has  an  impact  on  the  magnitude  of  the  response.  For  example, 
at  around  10  KHz  there  is  a  gain  enhancement  of  about  10  dB  when  the  zero  is  moved  from  6000  rad/sec  to  830 
rad/sec.  Although  the  gain  improvement  is  desirable,  the  location  of  the  zero  has  a  more  significant  impact  in  the 
phase  of  the  response.  For  stability  reasons,  it  is  desirable  to  have  as  much  phase  margin  as  possible;  the  phase  plot. 
Figure  2.22(b),  shows  that  as  the  zero  moves  further  out  in  the  frequency  axis,  the  phase  margin  decreases. 
Therefore,  the  best  zero  location  is  830  rad/sec,  since  this  location  yields  the  best  phase  margin,  and  at  the  same 
time  provides  some  gain  enhancement. 

Figure  2.23  shows  the  open  loop  response  plots  generated  from  Equation  (2.57)  with  four  different  values 
of  the  overall  system  gain  K,  and  with  the  zero  at  830  rad/sec,  which  is  the  location  that  provides  the  best  phase 
margin.  From  the  magnitude  plot.  Figure  2.14  (a),  it  is  seen  that  the  maximum  loop  gain  tolerated  by  the  system 
without  becoming  unstable  is  2  x  10^  Notice  that  the  curve  with  higher  gain  reaches  a  phase  of  -180°  before 
reaching  unity  gain;  therefore,  it  does  not  meet  the  Bode  criterion  for  unconditional  stability. 

The  analysis  of  Figure  2.23  gave  the  maximum  gain  that  the  system  can  tolerate  without  becoming  unstable 
with  the  zero  fixed  at  830  rad/sec,  but  it  is  important  to  know  how  stable  the  system  is.  To  analyze  stability  it  is 
necessary  to  quantize  how  far  the  phase  is  from  -180°  at  the  zero  dB  frequency  crossover  point  of  the  magnitude 
response.  This  measurement  is  possible  from  Figure  2.23,  but  in  order  to  obtain  a  more  accurate  value,  the  plots 
shown  in  Figure  2.24  were  used.  These  plots  correspond  to  the  open-loop  response  with  an  overall  gain  of  2  x  10^. 
Figure  2.24  (a)  shows  the  magnitude  of  the  response  around  34,3  kHz;  the  frequency  at  which  the  phase  is  -180°. 
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where  a  is  the  required  attenuation  in  dB,  and  BW  is  the  band  of  frequencies  for  which  a  dB  of  attenuation  is 
desired.  Setting  BW  to  1.5  kHz  and  a  to  30  dB,  Equation  (2.35)  yields  Q  =  0.985  «  1.  The  transfer  function  for  the 
required  notch  to  suppress  the  PZT  resonance  is: 

+  (46.77  X  10^  X  Inf- _ 


Nis)  = 


+  (46.77  X  10^  X  2n)s  +  (46.77  x  10^  x  2%)^ 


(2.54) 


Magnitude  and  phase  plots  for  the  notch  filter  characterized  by  equation  (2.54)  are  shown  in  Figure  2.20.  It 
is  important  to  notice  that  the  notch  filter  only  represents  a  phase  penalty  of  approximately  15°  at  10  kHz.  Figure 
2.21  demonstrates  how  the  notch  filter  combined  with  a  510Q  series  resistance  effectively  eliminates  the  PZT 
resonant  peak  with  minimum  phase  loss.  The  Q-compensated  PZT  transfer  function  is  then  given  by: 


N{s) 


CPZT{s)  ^  ^  (JimCm  +  Re(Ce  +  Cm))s  +  {LmCm  +  'R.eRmCeCm)s^  +  Re  LmCeCms 


(2.55) 


where  Cm,  Ce,  Lm  and  Rm  are  the  PZT  model  parameters;  Re  is  the  510Q  resistor  used  in  conjunction  with  the 
notch  filter  to  suppress  the  mechanical  Q  of  the  PZT.  N(s)  is  the  notch  filter  transfer  function  as  given  by  Equation 
(2.54). 
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Figure  2.20:  Notch  Filter  Magnitude  and  Phase  Response. 
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The  frequency  response  of  the  Q-compensated  PZT  given  by  Figure  2.21  corresponds  to  the  open-loop 
transfer  function  without  any  type  of  loop  compensation;  that  is,  in  Equation  (2.31)  F(s)  =  1.  This  frequency 
response  shows  that  the  system  needs  compensation  to  meet  the  specifications  established  previously.  Therefore,  a 
loop  filter  is  necessary  in  the  system  to  enhance  the  gain  at  low  frequencies,  and  provide  sufficient  phase  and  gain 
margin  to  make  the  system  stable.  Other  important  function  of  the  compensator  is  to  maximize  the  overall  system 
gain.  Maximum  system  gain  minimizes  the  system  error,  as  shown  by  Equation  (2.30). 

Since  a  linear  phase-locked  loop  model  is  a  feedback  network,  classical  linear  control  theory  may  be  used  to 
design  the  loop  filter  and  analyze  the  closed-loop  system  performance.  There  are  three  figures  of  merit  that  have 
been  used  traditionally  to  measure  closed-loop  system  performance:  stability,  bandwidth  and  error. 
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Figure  2.21:  PZT-Re-Notch  Combination  Frequency  Response. 

A  system  is  stable  if  all  the  poles  of  the  closed-loop  transfer  function  are  in  the  left  hand  side  of  the  s-plane. 
Establishing  the  locations  of  these  poles  and  their  migrating  path,  as  the  loop  gain  varies,  gives  insight  into  the 
behavior  of  the  system.  The  Bode  criterion  for  unconditional  stability  is  that  the  gain  must  be  less  than  1  (0  dB) 
before  the  phase  reaches  -180®  [Gardner  1979].  The  phase  margin  is  measured  as  the  amount  of  phase  needed  to 
reach  -180®  when  the  gain  is  1.  A  phase  margin  of  35®  to  45®  is  considered  to  yield  an  acceptable  degree  of 
stability  this  also  assures  a  gain  margin  of  at  least  1. 
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System  error  is  a  very  important  parameter  in  the  loop  analysis.  The  error  is  the  normalized  signal  level  at 
the  output  of  the  sxirnining  junction.  The  EOPLL  can  only  support  ±7i/2  phase  error  before  it  becomes  unlocked, 
while  at  the  same  time,  a  small  error  is  necessary  for  proper  tracking.  As  discussed  earlier,  it  is  required  that  this 
control  system  operates  with  a  phase  error  less  than  10°  over  a  frequency  range  from  DC  to  5000  Hz. 

For  the  loop  filter  design  presented  here,  the  Q-compensated  PZT,  as  given  by  Equation  (2.55),  is  used  to 
model  the  PZT  transfer  flmction.  Loop  filter  design  is  a  science  and  an  art.  Computer  simulations  were  generated  to 
verify  the  response  of  the  loop  filter  design.  In  order  to  evaluate  the  effectiveness  of  the  loop  filter  it  is  necessary  to 
evaluate  the  performance  of  the  EOPLL  with  all  its  elements  in  place  in  the  open  loop  configuration.  The  approach 
taken  for  the  loop  filter  design  was  to  use  several  integrators  combined  with  a  single  zero;  the  integrators  provide  a 
great  enhancement  on  the  DC  gain,  whereas  the  zero  helps  to  recoup  some  of  the  phase  lost  as  a  result  of  the  two 
poles  represented  by  the  two  integrators.  Such  a  loop  filter  has  a  transfer  function  of  the  form: 

~+l 

F{s)  =  Kf-^  (2-56) 

where  a  is  the  zero  location  in  rad/sec,  and  Kp  is  the  loop  filter  gain. 

The  open-loop  function  with  this  type  of  loop  filter  is  then  given  by: 

1 

G{s)  =  Kx  CPZT(s)F(s)  =  Kx  CPZT(s)  x (2.57) 

where  CPZT(s)  is  given  by  Equation  (2.55),  and  K  is  the  overall  system  gain  as  given  by  Equation  (2.20).  In  this 
open-loop  response  there  are  two  parameters  that  must  be  analyzed:  K,  the  overall  gain,  and  a,  the  zero  location. 

These  parameters  have  to  be  selected  in  such  a  manner  that  the  stability  and  the  gain  requirements  for  the  control 
system  are  met. 

First,  the  effect  of  the  zero  location  will  be  analyzed.  Figure  2.22  shows  the  open  loop  response  plots 
generated  from  Equation  (2.57)  for  an  overall  gain  equal  to  1,  and  different  zero  locations.  From  the  magnitude 
plots.  Figure  2.22(a),  it  is  seen  that  at  frequencies  below  3  KHz  the  zero  location  does  not  have  any  effect  on  the 
response,  but  at  higher  frequencies  the  zero  location  has  an  impact  on  the  magnitude  of  the  response.  For  example, 
at  aroimd  10  KHz  there  is  a  gain  enhancement  of  about  10  dB  when  the  zero  is  moved  from  6000  rad/sec  to  830 
rad/sec.  Although  the  gain  improvement  is  desirable,  the  location  of  the  zero  has  a  more  significant  impact  in  the 
phase  of  the  response.  For  stability  reasons,  it  is  desirable  to  have  as  much  phase  margin  as  possible;  the  phase  plot. 

Figure  2.22(b),  shows  that  as  the  zero  moves  further  out  in  the  frequency  axis,  the  phase  margin  decreases. 

Therefore,  the  best  zero  location  is  830  rad/sec,  since  this  location  yields  the  best  phase  margin,  and  at  the  same 
time  provides  some  gain  enhancement. 

Figure  2.23  shows  the  open  loop  response  plots  generated  from  Equation  (2.57)  with  four  different  values 
of  the  overall  system  gain  K,  and  with  the  zero  at  830  rad/sec,  which  is  the  location  that  provides  the  best  phase 
margin.  From  the  magnitude  plot.  Figure  2.14  (a),  it  is  seen  that  the  maximum  loop  gain  tolerated  by  the  system 
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without  becoming  unstable  is  2  x  10^  Notice  that  the  curve  with  higher  gain  reaches  a  phase  of  -180°  before 
reaching  unity  gain;  therefore,  it  does  not  meet  the  Bode  criterion  for  unconditional  stability. 

The  analysis  of  Figure  2.23  gave  the  maximum  gain  that  the  system  can  tolerate  without  becoming  unstable 
with  the  zero  fixed  at  830  rad/sec,  but  it  is  important  to  know  how  stable  the  system  is.  To  analyze  stability  it  is 
necessary  to  quantize  how  far  the  phase  is  from  -180°  at  the  zero  dB  frequency  crossover  point  of  the  magnitude 
response.  This  measurement  is  possible  from  Figure  2.23,  but  in  order  to  obtain  a  more  accurate  value,  the  plots 
shown  in  Figure  2.24  were  used.  These  plots  correspond  to  the  open-loop  response  with  an  overall  gain  of  2  x  10^ 
Figure  2.24  (a)  shows  the  magnitude  of  the  response  around  34.3  kHz;  the  frequency  at  which  the  phase  is  -180°. 
Figure  2.24  (b)  shows  the  phase  of  the  open  loop  response  around  19.2  kHz;  the  frequency  at  which  the  magnitude 
of  the  response  is  1  or  0  dB. 
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Figure  2.22:  Effect  of  the  Zero  Location  on  the  Open-Loop  Response  (a)  Magnitude  Response 
and  (b)  Phase  Response. 
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Figure  2.23:  Effect  of  the  Total  Gain  on  the  Open-Loop  Response 
(a)  Magnitude  Response  and  (b)  Phase  Response. 

The  gain  margin,  as  shown  in  Figure  2.24  (a),  is  approximately  5  dB;  this  result  means  that  the  overall 
system  gain  can  still  be  increased  by  a  factor  of  1.7  before  the  system  becomes  unstable.  The  phase  plot  from 
Figure  2.24(b)  yields  a  phase  margin  of  approximately  45°.  The  measurements  from  Figure  2.24  show  that  the 
system  meets  the  requirements  for  vmconditional  stability  with  a  maximum  overall  gain  of  2  x  10*.  It  is  also  impor¬ 
tant  to  verify  that  the  control  loop  meets  the  design  specifications  concerning  gain  factors  at  given  frequencies,  as 
established  by  Equations  (2.33)  and  (2.34).  Figure  2.23  (a)  shows  a  gain  of  approximately  25  dB  at  a  frequency  of 
1  KHz.  This  gain  factor  is  greater  than  the  required  gain  of  10  dB  at  1  KHz  given  by  Equation  (2.34). 
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Figure  2.24:  Loop  Stability  Measurement  (a)  Gain  Margin  and 
(b)  Phase  Margin. 

Figures  2.25  and  2.26  give  the  magnitude  of  the  closed-loop  transfer  function  and  the  magnitude  of  the 
error  function  as  a  function  of  frequency;  these  functions  are  given  by  Equations  (2.26)  and  (2.29),  respectively. 
The  closed-loop  plots  show  how  the  closed-loop  response  stays  constant  at  0  dB  or  1,  and  has  a  3  dB  bandwidth  of 
approximately  30  kHz.  The  error  plots  show  how  as  the  frequency  increases  the  error  also  increases.  This  behavior 
is  expected,  since  the  error  function  is  equal  to  one  minus  the  closed-loop  function,  as  given  by  Equation  (2,29). 
The  logarithmic  plot  of  the  error  function  illustrates  the  advantage  of  using  an  integrator  in  the  closed  loop  to  reduce 
the  phase  error  to  zero  as  the  frequency  approaches  zero.  It  is  important  to  add  that  the  closed-loop  function,  as  well 
as  the  error  function,  do  not  yield  any  information  about  the  stability  of  the  control  system. 
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Figure  2.24:  Closed-Loop  Response  Magnitude. 

In  summary,  the  simulation  shows  that  the  control  system  designed  meets  the  specifications,  as  well  as  the 
unconditional  stability  requirements.  The  compensated  loop  is  characterized  by  the  parameters  given  in  Table  2.3. 
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Figure  2.26:  Error  Function  Magnitude. 


Table  2.3:  Simulated  EOPLL  Parameters. 


Parameter 

Value 

Maximum  overall  gain 

2x  10* 

Gain  margin 

5dB 

Phase  margin 

450 

Gain  at  1  kHz 

30  dB 

Loop  Filter  Zero  Location 

830  rad  /  sec 

2.2.4.  Low-cost  InGaAs  Photoreceiver  Design 

The  photoreceiver  (detector/pre-amplifier)  is  a  critical  component  of  the  lidar  system.  Further,  for  coherent 
arrays  in  excess  of  10  apertures,  it  is  important  to  minimize  the  cost  of  each  subsystem.  For  these  two  reasons 
CREOL  investigated  the  design  and  development  of  a  low-cost  photoreceiver  with  the  following  requirements:  high 
detector  quantum  efficiency,  moderate  bandwidth  ( BW  >150  MHz),  moderate  transimpedance  gain,  and  moderate- 
to-low  noise. 

The  primary  purpose  of  the  photodetector  in  the  EOPLL  is  to  transform  the  optical  signal  from  the  LIDAR 
into  an  RF  electronic  signal  that  is  then  processed  by  the  control  system.  The  current  generated  in  the  photodetector 
by  the  optical  signal  is  proportional  to  the  product  of  the  LIDAR  signal  field  and  the  optical  LO  field,  as  given  by 
Equation  (2.1).  In  the  process  of  mixing  the  received  signal  with  the  LO,  using  a  2  1  fiber  optic  coupler,  the  two 

mixed  optical  signals  that  are  produced  that  are  180°  out  of  phase.  Hence  a  balanced  detector  provides  the 
differential  detection  required  to  combine  both  signals  together  removing  common  mode  noise.  As  a  result,  a 
balanced  detector  increases  the  signal-to-noise  ratio  by  3  dB.  The  system  requirements  for  the  balanced  photo- 
detector  and  differential  pre-amplifier  are  summarized  in  Table  2.4. 

Table  2.4:  Photo-Detector  and  Pre- Amplifier  Requirements, 


Photodetector 

Differential  Amplifier 

Responsivity :>  0.5  A/W  @  1.06  pm 

Transimpedance  gain:  lOOOQ 

Bandwidth:  >500  MHz 

Swing  into  50  Cl:  +2V 

Dark  current:  <  10  nA 

Bandwidth:  80  MHz 

The  photodetector  selected  for  the  CREOL  coherent  LIDAR  array  receiver  was  the  ETX-IOOT  from 
EPITAX.  This  photodetector  has  been  designed  for  high  speed  optical  communications  and  sensing  applications 
[20].  It  features  high  responsivity  between  850  and  1700  nm,  low  dark  current  and  low  capacitance.  The  selection  of 
this  photodetector  was  based  upon  the  characteristics  given  on  Table  2.5. 

Table  2.5 :  Photodiode  ETX-1 OOT  Specifications. 


Responsivity 

Bandwidth 

Dark  Current 

Rise  Time 

0.9  AAV@  1300mn 

105  MHz 

0.3  nA 

180ps 

The  wide  band  operational  amplifier  CLC425  from  Comlinear  Corporation  was  selected  for  the  pre¬ 
amplification  stage  since  it  was  designed  for  use  as  a  photo-diode  transimpedance  amplifier  [21],  Some  features  of 
the  CLC425  are  given  in  Table  2.6.  Figure  2.27  shows  the  complete  schematics  for  the  balanced  photo-detector  pre¬ 
amplifier.  The  final  board  layout  and  implementation  of  this  circuit  required  that  a  good  ground  plane  be  formed  to 
prevent  any  undesired  high  frequency  oscillations. 
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Table  2.6:  CLC425  Comlinear  Amplifier  Specifications. 


Gain-bandwidth  product 

1.7  GHz 

Input  voltage  noise 

1.05nV/VHz 

Input  current  noise 

1.6pAWHz 

Slew  rate 

350V/HS 

Gain  range 

±10 -±1000 

IKn 


AC  Out 
DC  Out 


Figure  2,26:  Photodetector  Pre- Amplifier  Schematics. 


2.2.5,  Heterodyne  Efficiency:  “Where  are  the  Missing  dBs” 

Throughout  the  history  of  coherent  laser  radar,  there  have  been  discrepancies  between  predicted  and 
experimentally  measured  CNR.  T3qpical  discrepancies  are  on  the  order  of  three  dB  to  ten  dB.  There  are  potentially 
many  contributors  to  these  discrepancies,  including  imaccounted  losses  in  the  transceiver,  atmosphere  and  the 
target;  inaccurate  estimates  of  the  heterodyne  detection  efficiency,  y,  (also  known  simply  as  the  heterodyne 
efficiency).  In  this  section  of  the  report,  the  results  of  our  efforts  to  measure  the  mixing  efficiency,  which  is 
proportional  to  the  heterodyne  efficiency  are  described  and  compared  to  the  theoretical  limit. 

2.2.5.1  Theoretical  Background 

The  heterodyne  efficiency  is  the  ratio  of  the  mean  power  in  the  AC  photocurrent  to  the  mean  AC  power  in 
an  ideal  case  when  (1)  the  aperture-collected  signal  power,  P,,  is  completely  received  by  the  detector  and  (2)  the 
local  oscillator  and  the  signal  fields  (Ujo  and  UJ  are  spatially  matched.  For  the  case  when  both  the  local  oscillator 
and  the  received  signal  fields  are  co-polarized,  the  heterodyne  efficiency  is  given  by  [23] 
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where  is  the  detector  area.  The  heterod3nie  efficiency  can  also  be  rewritten  in  the  following  form 
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where  Pj  is  the  portion  of  the  signal  power  which  is  collected  by  the  detector,  is  the  mixing  efficiency,  and  is 
the  spillover  efficiency.  Thus  the  heterodyne  efficiency  is  the  product  of  two  quantities:  (1)  a  power  loss  term 
which  captures  the  effects  of  signal  spillover  and  (2)  a  mixing  efficiency  term  which  represents  the  spatial  mismatch 
of  the  signal  and  local  oscillator  fields.  The  mixing  efficiency,  which  should  be  unity  for  perfectly  matched  signal 
and  LO  fields,  is  often  the  source  of  many  lost  dBs.  This  is  especially  true  for  transceivers  which  are  subject  to 
thermally  and  mechanically  induced  misalignments. 

It  can  be  shown  that  the  mixing  efficiency  is  the  ratio  of  half  the  mean  electrical  AC  power  (V^rms^^)  and 
the  product  of  the  mean  DC  local  oscillator  and  signal  photovoltages,  provided  the  photoreceiver  produces  an  equal 
response  to  both  AC  and  DC  signals.  That  is 

(2.58) 


2.2.5.2  Experiment  Description 

In  our  earliest  attempts  to  characterize  a  coherent  receiver’s  performance,  a  bulk  optics  testbed  was 
designed  to  measure  the  effects  of  target  speckle,  misalignment,  and  defocus  on  the  mixing  efficiency.  However, 
for  the  bulk  optics  case,  even  under  ideal  conditions  (a  specular  target  located  at  the  focus  of  the  transceiver),  it  was 
found  that  the  best  efficiency  that  could  be  obtained  was  on  the  order  of  25%.  This  was  postulated  to  be  due  to  a 
beam  diameter  mismatch,  as  the  two  arms  of  the  interferometer  were  unequal.  In  an  attempt  to  remove  this 
uncertainty  a  single-mode  fiber  testbed  was  designed  and  measurements  were  made  of  the  efficiency  under  several 
polarization  conditions. 
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Figure  2.28;  Single  mode  fiber-optic  heterodyne-mixing  efficiency  measurement  testbed. 

In  this  experiment,  the  local  oscillator  field  and  a  27  MHz  frequency-shifted  signal  field  were  each 
launched  into  die  two  input  ports  of  a  3  dB  single-mode  fiber  optic  coupler.  Half  and  quarter  wave  plates  were 
utilized  to  match  the  polarization  state  of  the  signal  field  with  that  of  the  LO  field  by  maximizing  the  AC  signal 
amplitude.  Upon  exiting  the  fiber,  the  mixed  field  was  collimated,  polarized  and  focused  onto  a  photoreceiver.  In  a 
separate  experiment,  the  3  dB  ftequency  of  the  photoreceiver  was  measured  to  be  approximately  200  MHz  with  no 
discernible  attenuation  at  27  MHz  (note,  a  first  order  linear  circuit  model  would  predict  a  voltage  attenuation  factor 
of  0.991  or  -0.08  dB  at  27  MHz,  which  can  be  considered  negligible).  This  measurement  was  conducted  by 
ftequency  shifting  one  stable  laser  relative  to  another  to  trace  out  the  spectral  response  using  the  “peak-hold” 
function  of  the  RF  Spectrum  Analyzer  (HP8560A).  Unfortunately,  since  both  the  RF  Spectrum  Analyzer  and  the 
AC  output  of  the  photoreceiver  inhibit  DC  signals,  the  DC  response  could  not  be  compared  to  the  AC  response. 
However,  an  analysis  of  the  photoreceiver’s  circuit  (Fig.  2.27),  indicates  equal  gain  for  the  AC  and  DC  signal 
outputs. 


2.2.5.3  Results  and  Discussion 

Several  measurements  were  made  with  and  without  the  polarizer  in  place.  On  average  the  mixing 
efficiency  measured  with  the  polarizer  was  about  50%  (-3  dB),  whereas,  without  the  polarizer,  the  mixing  efficiency 
was  typically  much  lower  (c.f.,  Table  2.7).  The  additional  reduction  in  mixing  efficiency  obtained  without  the 
polarizer  indicates  that  the  fiber,  and/or  the  fiber-coupler,  introduced  significant  depolarization  of  the  two  fields. 
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Table  2.7:  Experimental  Measurements  of  the  Heterodyne-mixing  Efficiency 
for  the  Single-Mode  Fiber-Optic  Testbed. 


w/o  Polarizer 

w/  Polarizer 

Measured  DC  LO  photo-voltage 

213.5  mV 

89  mV 

Measured  DC  signal  photo-voltage 

56  mV 

31.5  mV 

Measured  RMS  carrier  amplitude 

94.5  mV 

53  mV 

Calculated  heterodyne  efficiency 

61.1% 

70.8% 

The  3  dB  loss,  for  what  was  thought  to  be  ideal  conditions,  is  troubling  and  exemplifies  the  typical  discrepancies 
between  theoretical  CNR  predictions  and  experimental  measurements.  For  this  experiment,  the  discrepancy  can 
probably  be  attributed  to  a  combination  of  many  factors,  the  most  likely  of  which  is  spatial  depolarization  of  the 
beam  resulting  from  random  spatial  birefringence  in  the  fiber.  To  further  explore  such  losses,  the  experiment 
should  be  repeated  with  polarization-preserving  single-mode  fibers. 


2.2.6  Field  Experimental  Test  of  Two-Aperture  System 

2.2.6.1  Experiment  and  Test  Design  and  Layout 

A  real-time,  dual-aperture,  continuous  wave,  equal-gain  coherent  array  was  tested  at  the  BMDO  Innovative 
Science  and  Technology  Experimentation  Facility  (ISTEF)  at  the  Kennedy  Space  Center.  An  optical  schematic  of 
the  testbed  is  shown  in  Fig.  2.7.  The  offset-homodyne  transceiver  consisted  of  two  separated  apertures  coupling  the 
received  signals  into  single  mode  optical  fibers.  Phase  compensation  was  accomplished  by  an  electronic  servo  loop 
utilizmg  a  fiber-wrapped  cylindrical  PZT  as  the  active  phase  modulator.  The  laser  source  was  a  commercially 
available,  narrow  linewidth  (5  kHz),  50  mW,  Nd:YAG  non-planar  ring  laser  (Lightwave  Electronics  122-1064-50). 
An  acousto-optic  modulator  in  the  transmitter  leg  provided  a  27.12  MHz  frequency  offset  from  the  local  oscillator. 
The  two  one  cm  effective  diameter  receiver  apertures  were  positioned  25  cm  apart  and  aligned  to  an  extended  target 
located  one  km  down  a  horizontal  range.  The  separation  distance  ensured  that  the  receivers  were  sensing  spatially- 
independent  samples  (speckles)  of  the  return  field,  since  for  this  particular  transceiver/target  configuration  the 
speckle  diameter  should  have  been  equal  to  the  transmitter  diameter  (i.e.,  one  cm).  The  target  was  constructed  from 
a  Va  mch  thick  aluminum  plate  covered  with  3M  reflectance  tape  (3M  #7610;  see  Chapter  III  for  a  discussion  of  the 
properties). 

2.2.6.2  Results 

Ten  900  ms  records  of  the  IF  signals  (channel  outputs  1  and  2,  and  their  coherent  sum,  i.e.,  electro- 
optically  co-phased  and  summed)  were  digitized  and  subsequently  processed  to  extract  the  significant  statistics. 
These  statistics  for  the  strong  signal  case,  summarized  in  Table  2.8,  demonstrate  a  near  factor  of  two  increase  in  the 
mean  CNR  and  a  near  reduction  in  fading  strength  which  is  commensurate  with  theoretical  predictions.  The  less- 
than-excellent  agreement  for  the  weak  signal  case  was  probably  due  to  an  increased  sensitivity  to  noise  and  signal 
measurement  errors  imder  low  CNR  conditions.  The  traces  in  Fig.  2.29,  which  are  50  ms  segments  of  the  digitized 
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IF  signals,  demonstrate  this  improvement.  For  an  incoherent  sum,  no  improvement  is  obtained  for  the  mean  CNR 
and  normalized  variance  as  theory  would  suggest. 


Table  2.8:  CNR  Statistics  Calculated  from  Measurements  of  the  Signal  plus  Noise 
and  the  Noise  Alone 


CNR  Statistics 

Strong  Signal  Weak  Signal 

Mean  Normalized  Mean  Normalized 

CNR _ Variance _ CNR _ Variance 


Channel  1 

22.9 

1.56 

1.07 

1.34 

Channel  2 

33.3 

1.39 

1.48 

1.13 

Coherent  Sum 

-  Exp. 

50.6 

0.78 

1.70 

0.88 

Theory 

50.2 

0.77 

2.27 

0.65 
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Fig  2.29:  Typical  traces  of  the  IF  signals:  left  trace  is  from  a  single  channel; 
right  trace  is  the  coherent  sum  of  the  two  channels. 

For  the  first  time  we  have  demonstrated  the  operation  of  an  adaptive,  coherent-combining  laser  receiver.  We  have 
shown  that  the  mean  CNR  will  increase  nearly  linearly  with  the  number  of  array  elements  M  and  the  noramlized 
CNR  variance  will  decrease  at  a  rate  close  to  1/M,  in  accordance  with  theory. 


2.3.  Conclusions 

The  multiaperture  technology  developed  under  this  program  has  lead  to  the  design,  implementation  and 
testing  of  a  two-aperture  transceiver  that  was  demonstrated  in  field  tests  to  be  capable  of  removing  the  atmospheric 
phase  fluctuations  induced  between  the  two  chaimels.  The  analysis  has  shown  that  it  is  not  cost  effective  to  use  the 
maximal  ratio  receiver  in  comparison  to  the  equal  gain  receiver.  The  small  CNR  improvement  of  the  maximal  ratio 
receiver  over  the  equal  gain  receiver  does  not  justify  the  additional  hardware  complexity  required  to  implement  the 
maximum  ratio  receiver. 

The  experience  obtained  with  the  two-aperture  system  over  the  1  km  range  at  ISTEF  provided  valuable 
insight  into  the  design  of  the  eight-element  receiver.  This  lead  to  a  complete  analysis  and  design  of  the  PZT  to  be 
used  as  the  phase  modulator  for  the  eight-element  system.  Improvements  were  made  to  the  control  system  to 
increase  its  frequency  response  by  an  order  of  magnitude  for  the  eight-element  system  as  compared  to  the  two- 
element  system.  Predictions  show  that  the  eight-element  system  will  be  able  to  maintain  a  phase  lock  between  all 
channels  and  will  not  exceed  more  that  10°  of  phase  error  over  the  5000  Hz  fluctuation  bandwidth  of  the 
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atmospheric  turbulence.  It  is  expected  that  the  eight  element  system  would  easily  meet  the  design  specifications. 
While  it  did,  this  will  be  the  subject  of  reports  on  the  follow-on  contract. 
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ABSTRACT 

The  results  of  recent  measurements  of  the  intensity  and  phase  fluctuations  of  one  micron  speckle 
propagating  through  a  two  kilometer  (round-trip)  turbulent  path  are  presented.  The  data  was  eollected  at 
BMDO’s  Innovative  Science  and  Technology  Experimenution  Facility  (ISTEF)  at  the  Kennedy  Space 
Center  in  Florida  using  a  dual-aperture  NdiYAG  coherent  array  transceiver  developed  at  CREOL.  The 
dual-aperture  measurement  technique  allow-cd  for  the  discrimination  of  atmospheric  turbulence  induced 
phase  perturbations  from  relative  target/platform  motion  induced  phase  modulation,  since  the  target  motion 
produces  common  phase  modulation  in  both  receivers.  The  phase  and  intensity  were  found  to  be  Gaussian 
and  K-distributed  respectively. 

Keywords:  speckle,  turbulence,  k-distribution,  coherent  detection,  coherent  array,  phase  detection 

1.  INTRODUCTION 

Early  theoretical  research  in  the  area  of  speckle  propagation  through  turbulence  predicted  negative 
exponential  intensity  statistics.'  However,  experimental  results  showed  that  the  negative  exponential 
intensity  statistics  were  only  valid  for  weak  and  strong  turbulence  conditions.'  This  prompted  researchers 
to  revise  the  intensity  statistics  models,  which  led  to  the  use  of  the  K-<iistribution  as  a  model  for  the 
intensity  statistics  of  laser  speckle  propagating  through  turbulence.  The  phase  statistics,  on  the  other  hand, 
have  been  assumed  to  be  Gaussian. 

The  development  of  the  K-distribution  model  for  the  intensity  fluctuations,  resulted  by  considering 
that  turbulence  modulates  the  mean  value  of  the  speckle  intensity,  <I>.  The  conditional  PDF  pi(I/<l>)  for 
full}'  developed  vacuum  speckle  is  know  to  be  negative  exponentially  distributed.  While,  the  statistics  of 
the  mean  value  of  the  intensity'  p<i>(^l^)  ts  log-normal  for  w'eak  turbulence.  Thus,  the  intensity  statistics 
can  be  calculated  from  conditional  statistical  theoiy.  That  is. 


P!in  =  \PiUI 

To  make  the  math  more  tractable,  the  log-normal  model  is  approximated  by  a  gamma  distribution.  This 
leads  to  the  well-known  K-distribution  model. 
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The  K-distribution  has  the  propeity-  that  as  the  normalized  variance,  g„',  approaches  unity'  the  K- 
distribution  as%mptoticalK'  approaches  a  negative  exponential  distribution  (straight  line  on  Figure  1) 
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Figure  1,  Family  of  K-distributions, 

corresponding  to  a  normalized  variance  of  2,  1.5,  1.25,  1.1,  1.0  from  top  to  bottom 


2.  EXPERIMENT  DESCRIPTION 


While  demonstrating  a  dual  aperture  coherent  laser  radar  array  receiver  on  BMDO/ISTEF’s  1  km 
horizontal  range,  speckle  propagation  through  turbulence  data  was  fortuitously  collected.  The  receiver 
consisted  of  1  cm  monostatic  and  bistatic  apertures,  separated  by  25  cm.  Single  mode  optical  fiber  was 
employed  to  mix  the  signals  with  a  frequency  offset  local  oscillator  (27.12  MHz).  The  target  was  a  diffuse 
rctroreflectance  target  (gain  »  500)  located  at  the  end  of  the  1  km  range. 
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Figure  2.  CREOL's  Dual  Aperture  Nd:YAG  Coherent  Array  Receiver 

The  raw  RF  signals  were  digitized  at  10  kHz  with  eight  bits.  Ten  records,  each  consisting  of  8192 
points  were  recorded  for  both  the  monostatic  and  bistatic  receivers.  The  amplitude  and  phase  were 
demodulated,  from  the  digitized  RF  signals,  using  an  off-line  digital  svTichronous  detection  architecture. 


SPIE  Voi.  2471  I  255 


2.  EXPERIMENTAL  RESULTS 


2,1  Phase  statistics 

Target  motions  could  in  theory',  be  canceled  by  making  simultaneous  phase  measurements  from 
two  apertures  separated  by  a  distance  greater  than  po.  However,  upon  analysis  of  the  phase  we 

observed  that  the  low  frequency  component,  in  some  cases  showed  a  high  degree  of  correlation  between  the 
two  apertures,  and  in  other  cases  did  not.  It  was  therefore  assumed  that  this  large  scale,  low  frequency 
phase  was  dominated  by  atmospheric  turbulence  and  not  target  motion,  thus  the  raw  phase  data  was 
analyzed  rather  than  the  difference  of  the  two  channels  phase. 


Time  (Sec)  Time  (Sec) 

Figure  3.  Typical  temporal  phase  traces 
a)  Monostatic  b)  Bistatic) 

The  PDF  of  the  phase  were  calculated  using  a  standard  histogram  algorithm.  Figure  4.  From  this 
data  we  observed  that  as  much  as  +/-  40  waves  of  phase  deviation  occurred.  The  expected  PDF  of  the 
phase  data  was  Gaussian,  and  one  can  see  that  the  PDFs  shown  in  Figure  4  are  somewhat  Gaussian  in 
shape.  To  obtain  better  PDFs,  one  needs  more  independent  samples  of  the  phase  data. 
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Figure  4.  Phase  PDFs 


a)  Monostatic 


b)  Bistatic) 


As  shown  in  Figure  5,  the  3  dB  bandwidth  of 
the  phase  was  only  about  5  Hz.  Thus,  of  the  8 1 920 
data  points(10  records  at  8192  points  per  record),  only 
41  (81920*5  Hz/ 10  kHz)  of  the  data  points  were 
independent.  Hardly  enough  to  obtain  reasonable 
PDFs. 


Figure  5  Phase  Power  Spectrum 


2.2  Intensity  statistics 

Data  w'as  collected  both  in  the  mid-moming 
and  in  the  mid-afternoon.  A  t>-pical  time  trace  of  the 
demodulated  intensity  is  shown  in  Figure  6  and 
intensity'  PDFs  are  shown  in  Figures  7  and  8. 

Figures  7  and  8,  indicate  that  the  intensity’ 
statistics  are  well  described  by  a  K-distribution  (smooth 
curves).  The  K-distribution  fit  was  obtained  by  setting 
the  k-distribution  normalized  variance  to  be  equal  to  the 
normalized  intensity  variance. 

It  was  found  that  the  strength  of  the  intensity' 
variations  (normalized  variance)  w'as  higher  in  the 
morning  than  in  the  afternoon  and  higher  for  the  bistatic 
receiver  than  the  monostatic  receiver. 
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Figure  7  Intensity’  PDFs,  for  the  mid-moming  data  collection  cycle 
a)  Monostatic  (On"  =  1 .33)  b)  Bistatic  =  1 .47) 
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Figure  8  Intensity  PDFs,  for  the  mid-aftemoon  data  collection  cycle 


a)  Monostatic  (On*  =1.14)  b)  Bistatic  =  1 .28) 

The  intensity  fluctuations  were  measured  to  be  much  faster  than  the  phase  fluctuations  (cf ,  Figure 
9).  The  measured  bandwidth  of  the  intensity-  fluctuations  were  seen  to  be  on  the  order  of  75  Hz  as  opposed 
to  5  Hz  for  the  phase. 

3.  SUMMARY 

We  observed  peak  phase  deviations,  on  the 
order  of  •*■/-  40  waves  across  the  1  km  horizontal  path, 
of  which  most  are  presumed  to  be  due  to  large,  slowly 
moving,  turbulence  eddies  (outer  scale),  with  high 
frequency  modulations  due  to  smaller  scale,  faster 
eddies. 

Target  motion  w-as  thought  to  have  been 
negligible  compared  to  atmospheric  turbulence  induced 
phase  fluctuations  since  no  consistent  correlation  was 
observed  between  the  two  channels’  phase  signals. 

The  Intensity-  statistics  were  shown  to  be  a  Figure  9.  Demodulated  Intensity-  Spectra  4 

very  well  modeled  by  a  K-distribution,  for  all  four  sets 

of  intensity’  data  (mid-morning  and  mid-aftemoon;  monostatic  and  bistatic).  Stronger  scintillation  was  C 

observed  for  the  bistatic  receiver  than  the  monostatic  receiver,  probablv  due  to  the  self-compensating  L 

effects  of  the  reciprocal  path  in  the  monostatic  receiver.  3 
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Coherent  optical  array  receivers  for 

the  mitigation  of  atmospheric  turbulence  and 

speckle  effects 


Philip  Gatt,  Thomas  P.  Costello,  Dean  A.  Heimmermann,  Diana  C.  Castellanos, 
Arthur  R.  Weeks,  and  C.  Martin  Stickley 


A  description  is  given  of  the  design,  operation,  and  test  over  a  2-km  path  (roundtrip)  of  a  continuous  wave, 
coherent  laser  array  receiver  that  uses  two  independent  aperture-receivers  whose  intermediate  frequen¬ 
cies  are  electro-optically  co-phased  in  real  time  and  then  added  as  a  proposed  way  to  overcome  effective 
aperture  limitations  imposed  by  atmospheric  turbulence  and  to  mitigate  signal  fading  associated  with 
atmospheric  turbulence  and  speckle  effects.  The  experiment. resulted  in  a  mean  carrier-to-noise  ratio 
increase  of  1.8,  which  is  within  1%  of  the  theoretical  predictions,  when  the  two  signals  were  phase  locked, 
versus  no  increase  without  phase  locking.  Further,  the  carrier  fading  strength,  or  normalized  carrier- 
to-noise  ratio  variance,  was  reduced  by  a  factor  of  0.53,  which  is  within  2%  of  the  theoretical  prediction. 
The  bandwidth  of  the  electro-optic  phase-locked  loop  was  measured  to  be  of  the  order  of  600  Hz,  which 
is  adequate  to  compensate  for  atmospheric  refractive  turbulence  fluctuations.  ©  1996  Optical  Society  of 
America 

Key  words:  Coherent  optical  array  receivers,  heterodyne  arrays,  space  diversity  receivers,  coherent 
optical  communications,  atmospheric  txirbulence  compensation,  electro-optic  phase-locked  loop. 


1.  introduction 

We  describe  the  development  of  an  array  technology 
for  coherent  laser  communication  or  cw  ladar  receiv¬ 
ers.  The  benefit  of  this  technology  is  both  an  in¬ 
crease  in  the  mean  carrier-to-noise  ratio  (CNR), 
caused  by  an  increase  in  heterodyne  mixing  effi¬ 
ciency,  and  a  reduction  in  carrier  fading,  caused  by 
phase  coherent  averaging  effects.  The  physical  lay¬ 
out  of  these  optical  array  receivers  can  be  diverse, 
ranging  from  fiiUy  monolithic  apertures  focusing 
light  onto  a  detector  array  to  a  distributed  array  of 
small  light-weight  apertures  coupling  light  into  a  co¬ 
herent  fiber-optic  receiver.  Both  implementations 
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provide  the  same  benefit  over  a  single-element  coher¬ 
ent  receiver. 

Coherent  array  receivers,  though  developed  in  the 
1950's  for  mobile  radio  communications,^*^  were  first 
suggested  in  1965  by  Groldstein  et  al.^  to  overcome  the 
aperture  limitations  imposed  by  atmospheric  refrac¬ 
tive  turbulence.  The  finite  transverse  coherence 
length,  r^,  of  an  optical  field  propagating  through 
refractive  turbulence  imposes  an  upper  boimd  on  the 
effective  transceiver  diameter  of  a  conventional  co¬ 
herent  laser  radar,  which  in  turn  limits  the  maxi¬ 
mum  mean  CNR  for  a  given  laser  source.®  In  1976, 
Fink  and  Vodopia®  published  the  first  detailed  treat¬ 
ment  of  the  mean  CNR  (or  mixing  efficiency)  en¬ 
hancement  provided  by  a  coherent  array.  They 
showed  that  a  properly  designed  coherent  array  re¬ 
ceiver  could  theoretic^y  yield  near-perfect  hetero- 
d5me  mixing  efficiency,  even  in  the  presence  of  severe 
atmospheric  turbulence.  In  principle,  this  can  be 
accomplished  by  creating  a  local  oscillator  (LO)  field, 
which  spatially  matches  the  amplitude  and  phase  of 
the  aberrated  signal  field.  In  this  paper  we  show 
that  this  approach  leads  to  an  increase  in  the  average 
CNR  up  to  M  fold,  where  M  is  the  number  of  elements 
in  the  receiver  array. 

A  second,  and  perhaps  more  important,  advantage 
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of  a  coherent  array  is  its  ability  to  produce  a  carrier 
with  much  reduced  amplitude  fluctuations,  or  fading, 
caused  by  dynamic  speckle  effects.  On  the  one  hand, 
a  conventional  coherent  receiver  detecting  a  fully  de¬ 
veloped  dynamic  speckle  fleld  yields  a  normalized 
signal  intensity  variance  (i.e.,  fading  stren^h)  of  uni¬ 
ty.”  On  the  other  hand,  as  shown  in  this  paper,  a 
well  designed  M-element  coherent  array  will  reduce 
carrier  fading  by  a  factor  of  1/M,  in  a  manner  similar 
to  the  well-known  aperture-averaging  technique  em¬ 
ployed  in  direct  detection  receivers.® 

Others  have  reported  their  efforts  to  develop  optical 
coherent  arrays.  However,  in  those  efforts  the  pro¬ 
cessing  of  the  signals  from  the  coherent  array  ele¬ 
ments  was  quite  different  from  the  approach 
described  here.  For  example,  researchers  at  MIT 
Lincoln  Laboratory  have  reported  on  a  12-element 
HgCdTe  linear  array  to  increase  the  frame  rate  of  a 
coherent  imaging  ladar.  This  facilitated  frame  av¬ 
eraging  of  the  speckled  intensity  images  resulting  in 
an  image  with  reduced  speckle  noise  or  an  increased 
intensity  signal-to-noise  ratio.^’i®  At  the  University 
of  South  Florida,  researchers  recently  reported  their 
results  of  a  four-element  coherent  array  utilizing  a 
monolithic  receive  aperture  and  a  quadrant  InGaAs 
detector.  In  their  first  experiments, the  four  in¬ 
dependent  radio  frequency  (RF)  sisals  were  video 
detected  and  averaged,  leading  to  improved  signal- 
to-noise  ratio  statistics.  However,  their  approach 
resulted  in  a  loss  of  Doppler  information.  In  a  later 
paper,  they  reported  their  results  of  non-real-time 
coherent  processing  of  pulsed  lidar  returns.^® 

This  paper  reports  on  the  results  of  our  theoretical 
analysis,  computer  simulation,  and  a  field  experi¬ 
ment  of  a  real-time  fully  coherent  heterodyne  array 
receiver.  Our  approach  utilizes  sparsely  distributed 
array  elements,  which  couple  the  signal  photons  into 
single-mode  fiber-optic  heterodyne  receivers,  and  em¬ 
ploys  real-time  phase  alignment  of  the  RF  carriers  by 
using  an  electro-optical  phase-locked  loop.  Section  2 
describes  three  popular  space-diversity  reception 
techniques,  developed  for  mobile  radio  communica¬ 
tions,  which  are  also  applicable  to  coherent  laser  ra¬ 
dar  receivers.  In  Section  3  the  performance  of  these 
three  receiver  architectures  are  compared,  on  a  sta¬ 
tistical  basis,  in  terms  of  their  relative  improvement 
factors  for  the  mean  CNR  and  the  carrier  fading.  In 
Section  4  the  results  of  a  computer  simiilation  of  an 
eight-aperture  coherent  array  are  presented.  The 
simulation  not  only  demonstrated  the  performance 
enhancement  of  an  eight-element  coherent  array  but 
also  provided  confidence  in  the  CNR  moment  estima¬ 
tion  equations  that  were  utilized  in  the  analysis  of 
the  field  experiment  data.  Section  5  describes  the 
field  experiment  hardware  and  a  comparison  of  the 
experimental  results  to  theoretical  predictions.  Sec¬ 
tion  6  discusses  some  potential  applications  for  this 
technology,  and  Section  7  summarizes  our  results. 

2.  Space-Diversity  Receivers 

Optical  coherent  array  receivers  belong  to  a  more 
general  class  of  signal  processing  architectures. 


Fig.  1.  Space-diversity  receiver  architectures:  (a)  selection,  (b) 
EG,  (c)  MR. 


called  space-diversity  receivers.  Major  advances  in 
space-diversity  receivers  occurred  in  the  1950’s  when 
the  technology  was  being  applied  to  mobile  radio  com¬ 
munications.  In  this  paper  the  application  of  three 
common  space-diversity  signal  processing  architec¬ 
tures  to  optical  coherent  arrays  is  investigated. 
These  receiver  architectures  are  depicted  in  Fig.  1. 

The  maximal-ratio  (MR)  receiver,  which  is  some¬ 
times  referred  to  as  the  ratio-squarer  receiver,  was 
first  proposed  by  Kahn  for  mobile  radio  communica¬ 
tions.^  In  this  architecture,  the  RF  signals  are  co¬ 
phased,  have  their  amplitudes  separately  adjusted, 
and  then  summed  to  generate  a  composite  RF  signal 
with  improved  qualities.  The  MR  receiver  is  the  op¬ 
timal  receiver  m  that  it  5delds  a  carrier  with  the 
highest  mean  CNR  and  lowest  CNR  fading.  This 
type  of  signal  processing  technique  can  be  thought  of 
as  a  method  that  produces  a  synthetic  LO  field  that  is 
both  aunphtude  and  phase  matched  to  the  distorted 
received  signal.  Therefore,  it  yields  the  highest  pos¬ 
sible  heterodyne  efficiency.  With  the  use  of  this  con¬ 
ceptual  approach,  it  becomes  obvious  that  the 
optimum  electronic  gain  for  each  receiver  should  be 
one  that  synthesizes  a  LO  field  amphtude  that  is 
proportional  to  the  received  signal  field  amphtude. 

The  implementation  of  a  MR  receiver  reqxiires  the 
development  of  signal  processing  hardware  that  ad¬ 
justs  both  the  delay  and  the  gain  elements  of  the 
array  RF  outputs.  The  rate  at  which  these  must  be 
adjusted  will  be  dictated  by  the  rate  at  which  the 
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target  speckle  and  atmospheric  turbulence  fluctu¬ 
ates.  Target  speckle  fluctuation  rates  can  be  as  high 
as  100  MHz,  depending  on  target  range,  rotation 
rate,  and  transverse  velocity,  whereas  atmospheric 
fluctuations  generally  do  not  exceed  1  kHz. 

An  equal-gain  (EG)  receiver  differs  from  the  MR 
receiver  in  that  equal  gains  are  applied  to  all  the  RF 
signals.  Thus  only  the  phase  of  the  synthetic  LO 
field  is  adjusted  to  match  the  signal  field.  As  we 
show  in  Section  3,  this  phase-matching-only  tech¬ 
nique  results  in  carrier  statistics  that  are  very  close 
to  those  that  would  be  obtained  from  the  optimal  MR 
receiver. 

A  selection  receiver  is  quite  different  from  the 
above  two  coherent  summing  receivers.  In  this  type 
of  receiver,  the  single  strongest  RF  signal  is  switched 
to  the  output,  while  all  the  other  array  element  sig¬ 
nals  are  discarded.  This,  the  simplest  type  of  coher¬ 
ent  array  receiver,  does  little  to  improve  the  mean 
CNR.  However,  it  does  provide  a  reasonable  reduc¬ 
tion  in  the  signal  fading,  albeit  with  less  of  an  im¬ 
provement  than  would  be  achieved  by  using  a  MR 
receiver. 

3.  Carrier-to-Noise  Ratio  Performance  Enhancements 
for  Space-Diversity  Receivers 

The  moments  of  the  CNR  (or  equivalently  the  carrier 
power)  for  the  three  space-diversity  receivers  dis¬ 
cussed  above  provide  a  relative  measure  of  the  im¬ 
provement  these  receivers  offer  over  a  single-element 
coherent  receiver.  The  mean  CNR  is  a  measure  of 
the  average  carrier  power  relative  to  the  noise  power, 
and  the  normalized  variance  of  the  CNR  is  a  measure 
of  carrier  fading.  Here  we  present  expressions  for 
these  two  statistical  measures. 

Throughout  this  analysis  we  assume  that  (a)  the 
statistics  of  the  signal  amplitude  are  Rayleigh  dis¬ 
tributed,  which  is  t5pical  for  fully  developed  laser 
speckle;  (b)  each  receiver's  average  carrier  power  is 
equal;  (c)  the  noise  power  in  each  receiver  is  equal 
and  dominated  by  signal  shot  noise;  and  (d)  each 
detector  has  the  same  quantum  efficiency. 

A.  Signal  Model 

Coherently  detected  signals  are  modeled  as  narrow- 
band  RF  signals  with  additive  Gaussian  noise,  i.e., 

x{t)  =  a(t)cos[coc^  +  (i>{t)]  H-  nit)y  (1) 

where  amplitude  a{t)  is  assumed  to  be  Rayleigh  dis¬ 
tributed,  (0^  is  the  carrier  frequency,  phase  ct>(t)  is 
assumed  to  be  uniformly  distributed  over  a  217  inter¬ 
val,  and  noise  n{t)  is  assumed  to  be  zero-mean  Gaus¬ 
sian  shot  noise.  The  narrow-band  assumption 
implies  that  the  amplitude  and  phase  fluctuate  at  a 
rate  that  is  slow  compared  with  the  carrier  frequency. 

To  explain  the  performance  increase  that  an  array 
receiver  provides  over  a  single-element  receiver,  we 
first  investigate  the  statistics  of  the  CNR,  5(^),  for  a 
conventional  single-detector  coherent  optical  re¬ 
ceiver.  Then  we  expand  this  theory  to  model  the 


CNR,  A{t),  of  the  three  types  of  coherent  array  receiv¬ 
ers  discussed  in  Section  2. 

B.  Conventional  Single-Element  Coherent  Receivers 

Usually  the  CNR  is  defined  as  an  average  quantity. 
That  is,  it  is  defined  as  the  ratio  of  the  average  carrier 
power  to  the  average  noise  power.  However,  we 
take  a  more  general  approach  here,  which  facilitates 
quantification  of  the  carrier  fading.  In  this  ap¬ 
proach  we  define  the  instantaneous  CNR  as  the  ratio 
of  the  instantaneous  signal  power  to  the  average 
noise  power.  For  a  quantum  or  shot-noise-limited 
coherent  optical  receiver,  the  CNR  is  know  to  be  given 
byi7 


l/2a.^{t)  ^  r\y(t)P{t) 
E[n\t)]  hvB 


(2) 


where  r\  is  the  detector  quantum  efficiency,  y  is  the 
heterodyne  mixing  efficiency,  P{t)  is  the  signal  power 
incident  upon  the  detector,  h  is  Planck’s  constant,  v  is 
the  optical  frequency,  and  B  is  the  receiver’s  noise- 
equivalent  bandwidth.  Amplitude  a(t)  and  noise 
n{t)  are  each  proportional  to  many  common  factors, 
such  as  the  LO  power,  the  detector  responsivity,  and 
the  electronic  gain,  which  cancel  in  the  signal-shot- 
noise-limited  CNR  equation.  Therefore,  we  define 
the  amplitude  and  noise  as  normalized  quantities 
given  by 


a(^)  =  [2T17(^)P(^)]^'^  (3) 

E[n\t)]  =  hvB,  (4) 

The  single-element-receiver  mean  CNR  is  found  by 
taking  the  expected  value  of  Eq.  (2): 


8=E[5(^)]  = 


y\E[y{t)P{t)] 

hvB 


(5) 


For  a  fully  diffuse  target  and  when  atmospheric  tur¬ 
bulence  is  negligible,  the  statistics  of  the  amplitude 
are  known  to  be  Rayleigh  distributed;  thus  the  CNR 
will  be  negative  exponentially  distributed,  and  as 
such  its  normalized  variance  or  fading  strength  is 
unity  (dg^  =  1),  where 

C.  Coherent  Array  Receivers 

Here  we  provide  an  overview  of  the  CNR  statistics  for 
the  three  space-diversity  receivers  discussed  above. 
In  this  analysis  it  is  assumed  that  the  signals  in  each 
array  element  are  spatially  uncorrelated,  and  that 
each  receiver  has  equal  average  carrier  and  noise 
powers. 


i.  Maximal-Ratio  Receiver 

The  instantaneous  CNR,  for  a  summing  co¬ 

herent  array  (MR  or  E(G)  is  the  power  ratio  of  the 
phase-coherent  addition  of  the  signal  amplitudes 
from  each  element  of  the  array  to  the  incoherent 
addition  of  the  noise.  If  an  arbitrary  voltage  gain, 
Gj(^),  is  assumed  for  each  receiver  in  the  array  and  if 
equal  noise  powers  are  assumed,  the  resultant  com- 
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posite  mean  CNK  for  an  M  element  array  is  given  by 

(  M  12 

^^{t)  =  - M - -  ■  (6) 

hvB  E  G^it) 

i=l 

The  optimum  gain  settings  for  a  MR  receiver  are 
proportional  to  the  amphtude  of  the  signal  itself.^  ® 
That  is, 

Gi{t)  =  kuiit)  =  ^[2Tn7;(i)PSi(t)]^^%  (7) 

where  ^  is  an  arbitrary  constant  of  proportionality. 
This  result  is  consistent  with  the  notion  that  when 
the  electronic  gains  and  phase  delays  are  backpropa- 
gated  into  the  LO,  the  optimum  gain  and  phase  ad¬ 
justments  would  result  in  an  amplitude  and  phase 
match  of  this  synthetic  LO  field  to  the  distorted  signal 
field.  Applying  the  optimum  gains  to  Eq.  (7)  results 
in  the  following  expression  for  the  MR  receiver; 

M  M 

AmrW = 7^  E  iAt)Psit) = E  m-  (8) 

hvB 

Therefore,  the  instantaneous  MR  receiver  CNR  is  the 
sum  of  the  component  array  element  CNR's,  and  the 
mean  CNR  is  simply  M  times  the  single-element 
mean  CNR  or  M8 .  Because  the  CNR  statistics  of  the 
individual  receivers  follow  a  negative  exponential 
distribution  and  have  equal  means,  the  statistics  of 
the  MR  receiver  will  be  gamma  distributed,  with  a 
normalized  variance  equal  to 

2.  Equal-Gain  Receiver 

For  the  EG  receiver  the  mean  CNR  is  found  by  eval¬ 
uating  the  expected  value  of  Eq.  (6)  when  all  the 
gains  are  equal.  The  result  for  Rayleigh-distributed 
amplitudes  can  be  shown  to  be  given  by^ 
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Fig.  2.  Mean  CNR  for  the  MR,  EG,  and  selection  coherent  array 
receivers. 


and  the  normalized  CNR  variance  is  given  by 
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As  a  way  to  facilitate  a  conceptual  comparison  of  the 
selection  receiver’s  performance,  closed-form  approx¬ 
imations  to  the  mean  CNR  and  the  normalized  CNR 
variance  were  obtained  firom  a  least-squares  curve  fit. 
Best  fits  for  the  mean  CNR  and  for  the  normalized 
CNR  variance  were  obtained  for  logarithmic  and 
power  law  functions,  respectively.  These  approxi¬ 
mations  are  given  by 

£^[As(0]  =  [0.815  -t  0.94  ln(M)]8  for  1  ^  M  ^  50, 

(13) 

d-^/ » 0.8M-®®"  for  1<M<50.  (14) 


MAeg(^)]  =  [1  +  (M-1)V4]8.  (9) 

In  the  limit  of  large  M,  the  mean  EG  receiver  CNR 
approaches  it/4  of  the  mean  MR  CNR.  Therefore,  at 
worst  (i.e.,  large  M),  an  EG  receiver  will  yield  a  mean 
CNR  enhancement  that  is  78%  (or  -1.05  dB)  of  what 
would  be  obtained  from  a  MR  receiver.  The  normal¬ 
ized  variance  is  given  by’-® 


4.  Diversity  Receiver  Performance  Comparison 

Figures  2  and  3  provide  a  performance  comparison  of 
these  three  space-diversity  receivers  for  a  range  of 
array  elements  from  1  to  50.  As  indicated  by  these 
figures,  the  MR  receiver  is  optimum  in  terms  of  its 
abihty  to  improve  the  mean  CNR  as  well  as  reduce 
the  CNR  fading.  As  discussed  above,  the  EG  receiv- 


,  2[-(2tt"  -  8t7)M^  +  (5t7"  -  20-tr  +  16)M  -  (3tt^  -  12-n  +  8)] 


(10) 


which,  in  the  limit  of  large  M,  is  only  9.26%  larger 
than  the  MR  normalized  CNR  variance. 

3.  Selection  Receiver 

For  the  selection  receiver,  the  moments  are  given  by® 

M-l 

E[As''(i)]  =  n!M8"  E 

k=0 


er’s  performance  is  only  slightly  worse.  The  selec¬ 
tion  receiver,  in  contrast,  exhibits  relatively  poor 
mean  CNR  performance  enhancement,  but  it  does 
provide  a  reasonable  reduction  in  the  CNR  fading. 
The  approximate  power  law  behavior  of  the  selection 
receiver’s  normalized  CNR  variance  is  apparent  by 
the  near-hnear  slope  in  Fig.  3. 

An  alternative  way  to  view  these  results  is  to  con- 


M-1 

k 


i-ir 


{k  + 1)‘ 


71+1  ’ 


(11) 


6002  APPLIED  OPTICS  /  Vol.  35,  No.  30  /  20  October  1996 


> 

Z 

a 

T3 


O 

Z 


0,1 


0.01 


:  . 

4  ■  . 


Maximal  Ratio 
Equal  Gain 
Selection 


1  10  100 
Number  of  Independent  Detectors 

Fig.  3.  Normalized  CNR  variance  for  the  MR,  EG,  and  selection 
coherent  array  receivers. 


sider  the  number  of  independent  array  elements  re¬ 
quired  to  increase  the  mean  CNR  by  10  dB.  It  is 
straightforward  to  show  that  the  resulting  number  of 
array  elements  is  10, 13,  and  12,000  for  the  MR,  EG, 
and  selection  methods,  respectively.  Similarly,  to 
reduce  the  fading  strength  (normalized  variance)  by  a 
factor  of  10  would  require  10, 11,  sind  31  independent 
array  elements  for  the  MR,  EG,  and  selection  receiv¬ 
ers,  respectively. 

5.  Effect  of  Signal  Correlation  on  the 

Carrier -to-Noise  Ratio  Moments  of  a  Maximal-Ratio 

Receiver 

In  some  configurations  (i.e.,  in  dense  arrays,  or  in 
those  in  which  the  array  elements  are  small  and 
closely  spaced  compared  with  the  speckle  correlation 
length)  the  RF  amplitudes  will  be  correlated  as  a 
result  of  overlapping  speckle.  In  this  case,  the  sig¬ 
nal  fading  will  be  worse  than  predicted  by  the  theo¬ 
retical  expressions  given  in  the  above  section; 
however  the  mean  CNR,  for  an  MR  receiver,  will 
remain  unchanged.  In  the  limit,  as  the  speckle  size 
exceeds  the  overall  array  size,  the  normalized  vari¬ 
ance  of  the  composite  RF  signal  will  increase  from 
1/M  to  that  which  is  obtained  by  using  a  single  de¬ 
tector  (i.e.,  unity).  In  other  words,  in  this  extreme 
limit  the  array  behaves  just  like  a  single,  equal  area, 
large-aperture  conventional  coherent  receiver. 


ant  signal  amplitude  is  the  amplitude  of  an  M  step 
random  walk,  where  the  length  of  each  step  is  Ray¬ 
leigh  distributed  and  the  direction  is  uniformly  dis¬ 
tributed.  For  this  type  of  random  process,  it  is  well 
known  that  the  resultant  amplitude  is  again  Rayleigh 
distributed,  with  a  mean  value  equal  to  times  the 
mean  of  the  M  constituent  carrier  amplitudes.^® 
Therefore,  the  resultant  mean  carrier  power  will  in¬ 
crease  by  a  factor  of  M,  as  opposed  to  the  M^  increase 
realized  by  the  MR  coherent  addition  of  the  RF  sig¬ 
nals.  Additionally,  the  normalized  CNR  variance 
win  remain  unity  because  the  resultant  amplitude  is 
Rayleigh  distributed.  Thus  no  reduction  in  the  CNR 
fading  will  be  achieved. 

4.  Numerical  Simulation  of  an  Eight-Aperture  Coherent 
Array 

A  Monte  Carlo  simulation  model  of  an  eight-aperture 
EG  array  was  developed  to  demonstrate  the  predicted 
performance  enhancement  provided  by  an  EG  re¬ 
ceiver.  The  simulation  experiments  served  not  only 
as  a  precursor  to  a  field  experiment  but  also  to  gen¬ 
erate  confidence  in  the  theoretical  expressions  devel¬ 
oped  in  Section  3.  Further,  the  simulation  model 
facilitated  the  testing  of  the  fidelity  of  expressions 
developed  to  measure  the  CNR  moments  of  real  het- 
erod3mLe  detected  signals. 

A  direct  measurement  of  the  CNR  moments  from 
real  signal  return  data  is  not  possible  because  carrier 
amplitude  a{t)  cannot  be  entirely  separated  from 
noise  n{t).  Instead,  one  must  calculate  the  CNR  mo¬ 
ments  indirectly.  A  comparison  of  the  moments  of 
the  measured  signal,  x{t),  and  separate  measure¬ 
ments  of  the  moments  of  the  noise-only  signal  results 
in  the  following  simple  set  of  transfonnation  equa¬ 
tions: 


,_E[x\t)]  , 

V  o  ^  1 J 


E[n%t)] 
2 


(15) 


Ein^t)] 


(16) 

(17) 


6.  Incoherent  Summation  of  the  Radio  Frequency 
Carriers 

The  EG  receiver  discussed  above  requires  the  coher¬ 
ent  addition  of  the  detected  signals,  which  implies 
that  the  signals  must  be  co-phased.  Here  we 
present  a  heuristic  argument  to  show  that  there  is  no 
enhancement  in  the  mean  CNR  or  the  CNR  variance 
when  the  RF  signals  are  added  without  phase  com¬ 
pensation  (i.e.,  when  they  are  added  incoherently  on 
a  field  basis). 

The  mean  CNR  will  be  no  better  than  it  is  for  a 
single-detector  case  because  both  the  mean  signal 
power  and  the  noise  power  increase  by  the  same  fac¬ 
tor.  The  noise  power  increases  by  a  factor  of  M  just 
as  it  does  for  a  co-phasing  EG  receiver.  The  result- 


From  a  series  of  numerical  experiments,  it  was 
found  that  for  strong-to-weak  specified  mean  CNR’s, 
the  above  two  statistical  estimates  converged  toward 
the  design  values  as  the  record  length  increased. 
However,  for  very  weak  mean  CNR’s  (less  than  “10 
dB),  the  second  moment  estimate,  Eq.  (16),  failed  to 
converge  even  for  long  record  lengths.  The  estimat¬ 
ing  formula  for  the  mean  CNR,  Eq.  (15),  had  a  much 
greater  range  of  convergence  (approximately  -40 
dB). 

The  lack  of  convergence  was  foimd  to  be  a  result  of 
the  fact  that  the  odd-order  moment  terms,  which 
were  assumed  to  be  zero  m  the  mathematical  deriva¬ 
tion,  become  noimeghgible  for  veiy  weak  CNR's. 
These  odd-order  moments  should  average  out  as  the 
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Fig.  4.  Portions  of  the  simulated  signals:  (a)  one  of  eight  simu¬ 
lated  array  element  RF  signals  plus  narrow-band  noise  with  a 
specified  mean  CNR  =  0  dB,  (b)  incoherent  sum  of  eight  signals,  (c) 
coherent  sum  of  eight  signals. 


record  length  is  increased;  however,  as  the  record 
length  increases,  ronnd-off  errors  accumulate,  result¬ 
ing  in  a  lack  of  convergence.  When  the  odd-order 
moments  were  included  in  the  calculations,  conver¬ 
gence  was  obtained  for  very  low  mean  CNR’s.  Un¬ 
fortunately,  for  real  experimental  data,  one  is  not 
able  to  measure  these  odd-order  terms,  nor  could  one 
simultaneously  monitor  both  the  signal  plus  noise 
and  the  noise  only.  Therefore,  one  would  not  expect 
to  obtain  accurate  estimates  of  the  CNR  second  mo¬ 
ment  under  very  low  CNR  conditions. 

A  computer  simulation  was  conducted  with  eight 
independent  RF  signals  and  used  standard  numeri¬ 
cal  statistical  inversion  techniques  to  generate  S5m- 
thetic  return  signals  with  the  appropriate  amplitude 
(Rayleigh),  phase  (uniform),  and  noise  (narrow-band 
Gaussian)  statistical  distributions  and  power  spec¬ 
tra.  Record  lengths  were  such  that  approximately 
1000  independent  samples  of  the  Rayleigh- 
distributed  amplitudes  were  recorded. 

Figure  4  shows  t5q)ical  segments  of  one  of  the  eight 
simulated  RF  signals,  all  with  specified  mean  CNR’s 
equal  to  0  dB,  and  the  resultant  coherent  and  inco¬ 
herent  sum.  Table  1  contains  the  values  of  the  CNR 
moments  as  estimated  by  the  formulas  given  in  Eqs. 
(15)  and  (16).  As  demonstrated  in  the  Table,  the 
incoherent  summation  of  the  intermediate  frequency 
carriers  does  not  improve  the  CNR  statistics  whatso¬ 
ever.  However,  for  the  EG  coherent  sum,  the  im¬ 
provement  is  clear  and  consistent  with  the  theory 
presented  in  Section  3. 


Table  1 .  Summaiy  of  Calculated  Moments  of  the  CNR  for  a  Simulated 
Eight-Aperture  Coherent  Array 


Parameter 

Addition 

Incoherent 

Coherent 

Mean  CNR 

Theoretical 

•  1.00 

6.74 

Simulated 

1.04 

6.79 

Normalized  variance 

Theoretical 

1.00 

0.135 

Simulated 

1.05 

0.139 

5.  Field  Experiment 

A  real-time,  dual-aperture,  continuous  wave,  equal- 
gain  coherent  array  was  demonstrated  at  the  B^hs- 
tic  Missile  Defense  Organization’s  Innovative  Science 
and  Technology  Experimentation  Facility  (ISTEF)  at 
the  Kennedy  Space  Center.  The  offset-homodyne 
transceiver,  which  is  depicted  in  Fig.  5,  consisted  of 
two  separated  apertures  coupling  the  received  sig¬ 
nals  into  single-mode  optical  fibers.  Phase  compen¬ 
sation  was  accomplished  by  an  electronic  servo  loop 
utilizing  a  fiber-wrapped  cylindrical  piezoelectric 
transducer  (PZT)  as  the  active  phase  modulator. 
Extension  to  larger  array  dimensions  can  be  accom¬ 
plished  by  adding  additional  fiber-coupled  bistatic  re¬ 
ceivers  and  their  corresponding  servo  loops. 

A.  Hardware  Description 

The  laser  source  was  a  commercially  available, 
narrow-linewidth  (5  kHz),  50-mW,  Nd:YAG  non¬ 
planer  ring  laser  (Lightwave  Electronics  122-1064- 
50).  The  output  beam  had  an  elliptical  TEMqo  mode 
with  an  ellipticity  ratio  equal  to  1.3:1.0.  The  combi¬ 
nation  of  a  half-wave  plate  and  a  polarizing  beam 
splitter  (PBS)  provided  a  mechanism  to  divide  the 
laser  power  variably  into  both  the  transmitter  and 
the  LO  fields.  The  Faraday  isolator  provided  40  dB 
of  feedback  isolation. 

The  local  oscillator  was  laxmched  into  a  single¬ 
mode  fiber  by  using  a  standard  fiber  beam  launch 
system  incorporating  a  4-mm  spherical  focusing  lens 
and  an  additional  weak  lens.  The  two-lens  combi- 
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Fig.  5.  Dual-aperture  offset-homodyne  transceiver. 
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nation  facilitated  optimization  of  the  fiber  launch  ef¬ 
ficiency.  Routinely,  fiber  launch  efficiencies  in 
excess  of  80%  were  obtained.  Optical  gel  was  not 
used,  as  it  was  found  to  be  susceptible  to  contamina¬ 
tion  firom  both  moisture  and  dust. 

An  acousto-optic  modulator  (AOM)  in  the  transmit¬ 
ter  leg  provided  a  27.12-MHz  frequency  offset  from 
the  LO.  Traditionally,  two  AOM's  are  employed  in 
an  offset-homodyne  receiver  (i.e.,  one  in  the  transmit¬ 
ter  and  one  in  the  LO)  to  provide  frequency  isolation 
of  the  signal  beat  note  from  leakage  of  the  AOM's  RF 
drive.  However,  by  careful  shielding  of  the  AOM’s 
RF  drive  signal,  RF  leakage  was  reduced  to  a  level  far 
below  the  noise  floor,  and  thus  the  need  for  a  second 
AOM  was  circumvented. 

In  the  monostatic  transceiver,  the  return  field  was 
separated  from  the  transmitter  field  by  using  a  po¬ 
larization  duplexer,  which  consisted  of  a  quarter- 
wave  plate  and  a  PBS.  An  off-axis  5x  beam 
expander  provided  a  collimated  1-cm  output  beam 
diameter  and  miniinized  transmitter  feedthrough. 
The  target-backscattered  light  was  coupled  into  a  sec¬ 
ond  fiber  beam  launch  system  after  passing  through 
a  static  fiber  birefringence  compensator  consisting  of 
a  quarter-wave  plate  and  a  half-wave  plate. 

The  second  receiver,  which  was  bistatic,  was  con¬ 
structed  from  a  commercially  available  fiber  beam 
collimator,  whose  effective  diameter  was  1  cm. 
Coarse  optical  alignment  of  the  bistatic  receiver  was 
accomplished  by  maximizing  the  on-target  overlap  of 
the  bistatic  receiver's  backpropagated  field  with  the 
transmitter  field. 

Optical  detection  was  achieved  by  using  a  1-GHz 
InGaAs  p-i-n  photodiode.  The  photocurrent  was 
amplified  with  a  200-MHz,  lOOO-fi  transimpedance 
amplifier,  and  the  effective  noise  bandwidth  was  re¬ 
duced  to  1  MHz  by  a  bandpass  RF  filter.  The  com¬ 
bination  of  a  90-dB  RF  amplifier  and  variable  RF 
attenuators  provided  signal  levels  commensurate 
with  the  requirements  for  the  electro-optic  phase- 
locked  loop  (EOPLL). 

Phase  compensation  was  achieved  with  an  in- 
house  designed  EOPLL.  This  loop  consisted  of  an 
electronic  automatic  gain  control,  which  had  an  input 
dynamic  range  in  excess  of  40  dB,  a  phase  detector, 
loop  filter,  a  variable  loop  gain,  and  a  phase  modula¬ 
tor.  The  optical  phase  was  controlled  by  a  fiber- 
wrapped  (100  wraps)  2-in.  cm)  cylindrical  PZT. 
The  fiber-wrapped  PZT’s  response  was  measured  to 
be  0.04  (rad/wrap) /V  and  was  fiat  until  the  first  res¬ 
onance,  which  occurred  at  10  kHz.  This  provided  a 
peak-to-peak  phase  control  of  1600  rad  [0.04  (rad/ 
wrap)/V  X  100  wraps  X  400  V  (peak  to  peak)],  or 
-250  \. 

Only  one  phase  modulator  and  control  system  was 
required  for  the  dual-aperture  experiment.  The  sec¬ 
ond  phase  modulator  (monostatic  path  in  Fig.  5)  fa¬ 
cilitated  servo-loop  evaluation  and  optimization.  It 
provided  a  mechanism  for  measuring  the  loop’s  re¬ 
sponse  to  deterministic  forcing  functions.  The 
closed-loop’s  step  response  was  observed  to  be  domi¬ 
nated  by  a  second-order  pole  whose  damped  natural 
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Fig.  6,  Closed  loop  (solid  curve)  and  open  loop  (dotted  curve)  of 
the  sinusoidally  modulated  optical  carrier:  (a)  power  spectra,  (b) 
amplitude  spectra. 


frequency  was  proportional  to  the  loop  gain.  The 
loop  gain  was  adjusted  to  provide  a  reasonable  trade¬ 
off  between  the  loop’s  bandwidth  (i.e.,  damped  natu¬ 
ral  frequency)  and  the  loop  stability.  This  was 
accomplished  by  adjusting  the  loop  gain  imtil  the  loop 
damping  ratio,  was  at  or  near  0.25,  for  which  the 
dampened  natural  frequency  was  measured  to  be  3 
kHz.  For  this  loop  gain,  the  bandwidth  of  the  servo 
loop,  as  defined  by  the  residual  phase  error,  was  mea¬ 
sured  to  be  approximately  600  Hz,  which  is  adequate 
to  compensate  for  atmospheric  turbulence. 

Figure  6  illustrates  the  results  of  a  test  of  the  sen¬ 
sor’s  phase-locking  performance  at  200  Hz.  In  this 
test,  a  deterministic  phase  error  was  introduced  in 
the  local  oscillator  by  sinusoidally  phase  modulating 
the  test  PZT  phase  modulator  at  200  Hz  vrith  a  mod¬ 
ulation  index  of  2.405  rad.  The  open  loop  spectrum 
(dotted  curve)  is  close  to  the  theoretical  prediction  for 
a  sinusoidally  phase  modulated  carrier  with  the  car¬ 
rier  containing  less  than  0.5%  of  the  total  power. 
The  closed-loop  power  spectrum  (solid  curve)  was 
generated  by  locl^g  the  heterod5me-detected  signal 
to  the  AOM’s  drive  signal.  This  curve  demonstrates 
that  most  of  the  signal  power,  measured  to  be  99.6%, 
was  transferred  from  the  sidebands  into  the  carrier. 

B.  Experiment  Setup 

The  two  1-cm  effective  diameter  receiver  apertures 
were  positioned  25  cm  apart  and  aligned  to  an  ex¬ 
tended  target  located  1  km  down  a  horizontal  range. 
This  separation  distance  ensured  that  the  receivers 
were  sensing  spatially  independent  samples  (speck¬ 
les)  of  the  return  field,  because  for  this  particular 
transceiver-target  configuration  the  speckle  diame¬ 
ter  should  have  been  equal  to  the  transmitter  diam¬ 
eter  (i.e.,  1  cm). 

The  target  was  constructed  from  a  0.25-in.  ('--0.6 
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cm)  thick  aluminum  plate  covered  with  3M  reflec¬ 
tance  tape  (3M  7610).  This  tape,  which  did  not  ap¬ 
preciably  depolarize  the  scattered  radiation,  provided 
a  measured  target  antenna  gain  of  28  dB.  The 
speckle,  though  not  measured  quantitatively,  was  an¬ 
ticipated  to  be  fully  developed,  because  the  target 
consisted  of  many  small  retroreflecting  spheres  ran¬ 
domly  positioned  along  the  z  axis.  Laboratoiy  ob¬ 
servations  of  the  speckle,  generated  by  laser  scatter 
from  the  3M  tape,  showed  no  unique  symmetry  or 
character  other  than  the  enhanced  reflectance. 

The  experiment  at  the  ISTEF  was  conducted  in 
mid-October  1994  under  moderate  turbulence  condi¬ 
tions.  Atmospheric  turbulence  provided  the  tempo¬ 
ral  variations  in  the  return  signal’s  amplitude  and 
phase  by  a  combination  of  turbulence  and  speckle 
effects.  The  turbulence  effects  were  both  scintilla¬ 
tion  and  phase  distortions.  In  addition  to  these 
first-order  effects,  the  turbulence  also  causes  dynamic 
speckle  effects.  As  the  turbulence  modulates  the 
beam  position  and  beam  structure  on  the  target,  an 
exchange  of  effective  scatterers  takes  place,  causing 
the  speckle  to  evolve  dynamically  in  a  manner  called 
specMe  boiling.2o>2i 

The  measured  spot  size  at  1  km  was  30  cm, 
whereas  the  theoretical  free-space  beam  diameter 
should  have  been  approximately  20  cm.  Because 
the  far-field  diffraction  angle  is  known  to  be  the  root- 
mean-square  (RMS)  sum  of  the  free-space  diffraction 
angle  and  the  turbulence-induced  diffraction  angle,22 
the  turbulence-induced  transverse  coherence  length, 

was  estimated  to  be  of  the  order  of  the  transmitter 
diameter  (i.e.,  1  cm).  Unfortunately,  meters 
were  not  available  during  the  experiment  and  thus 
could  not  be  verified. 

In  the  experiment  the  bistatic  receiver’s  RF  signal 
was  co-phased  to  the  monostatic  receiver’s  signal.  A 
simpler  alternative  approach  would  have  been  to  co¬ 
phase  both  signals  to  a  stable  local  RF  reference. 
However,  in  the  latter  approach,  the  message  infor¬ 
mation  (phase  modulation)  is  removed  from  both  car¬ 
riers,  whereas  in  the  former  approach  the  message 
information  is  preserved. 

Throughout  the  experiment  two  types  of  data  were 
collected.  First,  long-term  (60  s)  video  averages  of 
the  signal  power  spectra  were  recorded  on  a  Hewlett- 
Packard  HP8560A  RF  spectrum  analyzer.  The  av¬ 
erage  power  spectra  provided  a  direct  measure  of  the 
mean  CNR.  However,  because  only  one  spectnun 
analyzer  was  available  for  the  experiment,  the  video- 
averaged  spectra  had  to  be  recorded  sequentially. 

Second,  simultaneous  measurements  of  the  RF  sig¬ 
nals  were  obtained  with  a  ten-channel,  high-speed, 
eight-bit  digitizer  (Tektronix  DSA602).  The  27.12- 
MHz  RF  signals  were  digitized  at  a  10-kHz  sample 
rate,  which  was  far  less  than  the  Nyquist  rate  for  the 
carrier  but  well  above  the  Nyqxiist  rate  for  the  signal 
(turbulence-induced  fluctuations)  bandwidth,  which 
was  measured  to  be  200  Hz.  The  effect  of  this  sub¬ 
sampling  was  (a)  to  beat  the  carrier  frequency  down 
to  an  aliased  frequency  of  approximately  800  Hz,  (b) 
to  fold  the  narrow-band  (1  MHz)  noise  into  the  half- 
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Fig.  7.  Signal  spectra  for  the  2-km  (round-trip)  field  e3q)eriment, 
with  coherent  addition  (top  trace),  incoherent  addition  (middle 
trace),  and  typical  single  channel  spectra  (lower  trace):  (a)  power 
spectra,  (b)  amplitude  spectra. 


sample  rate  frequency  space  (i.e.,  5  kHz),  which 
makes  the  noise  look  white  but  does  not  change  the 
mean  CNR,  and  (c)  to  preserve  both  the  amplitude 
and  phase  of  the  carrier. 

The  digitized  RF  signals  were  collected  in  ten  dis¬ 
joint  8192  point  records.  Because  the  bandwidth  of 
the  ampHtude  spectra  was  approximately  200  Hz  and 
the  sample  rate  was  10  kHz,  the  number  of  indepen¬ 
dent  samples  contained  in  the  ten  8192  blocks  was  of 
the  order  of  1600  (10  blocks  X  8192  points/block  x 
200  Hz/10,000  Hz),  which  is  sufficiently  large  for  rea¬ 
sonable  estimates  of  the  mean  and  normalized  vari¬ 
ance. 

The  data  were  collected  under  both  moderate  and 
weak  mean  CNR  conditions.  The  weak  CNR  data 
were  obtained  by  attenuating  the  transmit  power  by 
20  dB.  As  a  way  to  facilitate  the  analysis  of  the 
system  performance,  the  electronic  gains  of  the  two 
receiver  channels  were  adjusted  so  as  to  equalize 
their  respective  noise  powers.  Then  the  receiver 
wave  plates  were  adjusted  to  equalize  the  average 
signal  power  in  each  receiver. 

C.  Experiment  Results 

Figure  7  displays  typical  samples  of  the  sequentially 
collected,  video-averaged  power  and  amplitude  spec¬ 
tra  for  the  weak  CNR  data.  The  bottom  trace  in  Fig. 
7  is  a  representative  sample  of  one  of  the  two  chan¬ 
nel’s  signal  spectra.  The  middle  and  top  traces  are 
the  spectra  of  the  incoherent  and  coherent  sum  of  the 
two  channel’s  signals,  respectively.  The  improve¬ 
ment  in  the  mean  CNR  is  discerned  from  the  figures 
by  subtracting  the  increase  in  the  noise  power  (3  dB 
measured  in  the  wings  of  the  data)  from  the  increase 
in  the  peak  signal  power  (6  dB  for  coherent  addition 
and  3  dB  for  incoherent  addition).  Therefore,  con- 
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Fig.  8.  Portions  of  simultaneously  collected  subsampled  RF  sig¬ 
nals:  (a)  monostatic,  (b)  bistatic,  (c)  EG  coherent  sum. 


sistent  with  theory,  a  nearly  3-dB  increase  in  the 
mean  CNR  occurred  for  coherent  addition,  while  no 
improvement  was  obtained  for  incoherent  addition. 

It  should  be  mentioned  that  the  receiver  noise 
bandwidth  was  1  MHz,  whereas  the  spectrum  ana¬ 
lyzer’s  resolution  bandwidth  was  just  300  Hz. 
Therefore,  the  actual  electronic  noise  level  was  35  dB 
higher  than  indicated  in  the  spectrum  analyzer 
traces.  Thus,  the  true  mean  CNR,  presented  to  the 
phase-compensation  servo  loop,  was  approximately 
only  0  dB  [-11  dBm  (signal),  —46  dBm  (noise)  -I-  35 
dB  (noise  bandwidth  reduction  factor)],  yet  stable 
phase  locking  was  stiU  obtained  as  exhibited  by  the 
3-dB  increase  in  the  mean  CNR.  This  was  possible 
because  the  control  loop’s  bandwidth  was  much  less 
than  the  receiver  noise  bandwidth. 


Figure  8  displays  tjnpical  simultaneous  segments  of 
the  subsampled  monostatic  signal,  the  co-phased  bi¬ 
static  signal,  and  the  resultant  equal-gain  RF  signal 
for  the  moderate  mean  CNR  experiment.  'These  fig¬ 
ures  demonstrate  in  the  time  domain  both  the  in¬ 
crease  in  the  mean  CNR  and  a  reduction  in  the  CNR 
fading. 

Estimates  of  the  CNR  moments  are  provided  in 
Table  2  for  both  the  moderate  mean  CNR  and  low 
mean  CNR  experiments.  We  calculated  these  sta¬ 
tistical  estimates  using  the  formulas  given  in  Eqs. 
(15)  and  (16)  fi-om  measurements  of  the  signal  (car¬ 
rier  plus  noise)  and  measurements  of  the  noise  alone. 

In  the  development  of  the  theory  several,  simplify¬ 
ing  assumptions  were  made  to  produce  a  tractable 
result.  These  assumptions  were  (a)  that  the  mean 
CNR  of  all  the  receivers  were  equal,  and  (b)  that  the 
amphtude  statistics  were  Rayleigh  distributed  (or  the 
intensity  statistics  were  negative  exponentially  dis¬ 
tributed,  which  is  characterized  by  a  norm^zed 
CNR  variance  equal  to  unity).  However,  these  two 
assumptions  were  not  fully  realized  by  the  experi¬ 
mental  data.  Therefore,  two  modifications  to  the 
theory  were  developed  to  facilitate  comparison  of  the 
measured  results  with  theoretical  predictions.  The 
first  modification  was  to  interpret  the  mean  CNR  of 
each  receiver  8  in  Eq.  (9),  to  represent  the  average  of 
the  mean  CNR’s  of  the  receivers;  the  second  was  to 
assume  the  normalized  CNR  variance  in  Eq. 
(10),  to  represent  a  reduction  factor  for  the  average  of 
the  receiver’s  normalized  CNR  variance. 

For  the  coherent  sum  of  the  moderate  CNR  data, 
we  observe  very  good  agreement  between  the  approx¬ 
imate  theory  and  the  measured  results.  In  this  case 
the  resultant  mean  CNR  increased  by  a  factor  of  1.8 
over  the  average  of  the  receiver’s  mean  CNR.  This 
result  is  within  1%  of  the  approximate  theory.  like¬ 
wise,  the  reduction  in  the  normalized  CNR  variance 
was  measured  to  be  0.53  compared  with  an  approxi¬ 
mate  theoretical  reduction  of  0.52.  However,  for  the 
low  CNR  data,  the  mean  CNR  of  the  coherent  sum 
was  25%  below  the  approximate  theoretical  predic¬ 
tion,  and  the  normalized  CNR  variance  of  the  coher¬ 
ent  sum  was  36%  higher  than  the  prediction.  'This 
lack  of  agreement  with  theory  was  most  likely  caused 
by  an  increased  sensitivity  to  noise  smd  signal  mea- 
stirement  errors  under  low  CNR  conditions.  For  the 


Table  2.  Dual-Aperture  Coherent  Array  CNR  Statistics" 


Coherent  Sum  Incoherent  Sum 


Monostatic 

Bistatic 

Experiment 

Sum 

Theoiy 

Sum 

Monostatic 

Bistatic 

Sum 

Moderate  CNR 

Mean 

33.3 

22.9 

50.6 

50.2 

26.5 

28.0 

27.6 

Normal  Variance 

1.39 

1.56 

0.78 

0.77 

1.19 

1.42 

1.11 

Low  CNR 

Mean 

1.48 

1.07 

1.7 

2.27 

1.29 

1.37 

1.31 

Normal  Variance 

1.13 

1.34 

0.88 

0.65 

1.16 

1.43 

1.14 

°A  round  trip  of  2  km  was  made  through  atmospheric  turbulence. 
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incoherent  sum,  no  improvement  is  observed  for  the 
mean  CNR  and  the  normahzed  CNR  variance,  as 
theory  would  suggest. 

It  is  interesting  to  note  that  the  normalized  vari¬ 
ance  for  both  receivers  is  higher  than  would  be  pre¬ 
dicted  for  a  fully  diffuse  speckle  field  (i.e.,  xinity),  and 
that  the  bistatic  signal's  normalized  variance  is 
higher  than  that  of  the  monostatic  signal.  The  de¬ 
viation  from  negative  exponential  CNR  statistics  is 
due  to  atmospheric  turbulence  effects.  It  is  well 
known  that  the  intensity  statistics  of  speckle  propa¬ 
gating  through  atmospheric  turbulence  are  K  distrib¬ 
uted, and  the  resulting  normalized  variance  is 
typically  larger  than  unity.  The  observed  lower  nor¬ 
malized  variance  in  the  monostatic  signal's  CNR  is  to 
be  expected,  because  for  the  monostatic  receiver  the 
beam  propagates  through  the  same  turbulence  in 
both  directions. 

6.  Technology  Applications  and  Discussion 

A.  Continuous  Wave  Applications 

In  a  communications  application  such  as  in  a 
sateUite-to-groxmd  system,  the  turbulence-induced 
phase  noise  can  be  mitigated  by  co-phasing  each  of 
the  M  receiver  carriers  to  a  stable  RF  local  oscillator, 
rather  than  to  one  of  the  other  received  signals,  pro¬ 
vided  the  message  modulation  format  (i.e.,  modula¬ 
tion  index  and  message  frequency)  is  carefully 
designed  to  facilitate  frequency  separation  of  the 
phase  noise  from  the  message  signal.  Furthermore, 
any  high-frequency  phase  information  (message) 
must  be  common  to  all  the  receivers. 

In  a  cw  radar  application,  whereby  an  EOPLL  is 
employed  to  compensate  the  phase  noise,  the  appli¬ 
cation  must  be  one  for  which  the  phase  noise  (caused 
by  turbulence  or  target-induced  speckle)  fluctuation 
rates  are  within  the  bandwidth  of  the  phase-locked 
loop.  If  not,  then  incoherent  signal  processing  of  the 
demodulated  array  outputs  would  be  an  attractive 
approach.  One  application  for  the  cw  sensor  is  long- 
range  vibration  sensing  of  relatively  stationary  tar¬ 
gets. 

A  byproduct  of  this  coherent  array  research  was 
the  development  of  the  EOPLL  technology.  While 
our  first-generation  system  had  only  600  Hz  of  band¬ 
width,  the  second-generation  system  (for  which  the 
electronics  and  the  EOPLL  have  been  constructed) 
has  a  bandwidth  of  at  least  5  kHz  (it  has  only  a  6° 
tracking  error  at  5  kHz).  The  EOPLL  technology 
can  be  applied  to  many  engineering  problems 
whereby  precision  optical  path-length  compensation 
is  required.  Some  additional  potential  apphcations 
include  laser  frequency  stability,  holography,  and 
precision  displacement  compensation. 

B.  Pulsed  Applications 

In  hard-target  pulsed  laser  radar  applications  the 
duty  cycle  of  the  return  pulse  train  is  typically  very 
low.  For  these  applications,  it  would  probably  be 
less  costly  and  simpler  to  compensate  the  phases  with 
a  real-time  digital  signal  processor  rather  than  the 


analog  EOPLL.  Phase  compensation  would  be  rel¬ 
atively  straightforward,  because  for  short  pulse  laser 
radars  one  would  not  expect  intrapulse  phase  noise. 
Thus,  only  one  phase  adjustment  would  be  required 
per  pulse  per  channel.  Virtually  any  low-duty  cycle 
pulsed  hard-target  laser  radar  could  take  advantage 
of  this  technology. 

C.  Incoherent  Signal  Processing  of  the  Demodulated 
Array  Outputs 

If  the  phase  noise  is  too  fast  for  the  phase  compen¬ 
sator,  or  if  one  simply  wants  to  avoid  the  complex 
EOPLL  hardware,  incoherent  averaging  of  the  de¬ 
modulated  array  outputs  (i.e.,  velocity,  range)  still 
results  in  signals  with  reduced  fading.  However, 
the  mean  CNR  is  not  improved.  The  array,  in  this 
case,  supplants  the  need  for  temporal  averaging,  thus 
reducing  the  laser  pulsed  repetition  frequency  re¬ 
quirement.  A  specific  application  of  this  technology 
is  long-range  hard-target  imaging,  in  which  a  coher¬ 
ent  receiver  would  be  required  to  meet  the  range 
requirements  and  a  spatial  array  would  be  employed 
to  mitigate  target  speckle  effects. 

D.  Transmitter  Compensation 

It  shoiild  also  be  pointed  out  that  additional  gains  can 
be  achieved  if  the  transmitter,  not  just  the  receiver,  is 
compensated.2^“26  a  properly  designed  adaptive 
transmitter,  refractive  turbulence  beam  spreading 
can  be  reduced,  resulting  in  more  on-target  photons 
and  thus  an  improved  CNR.  In  our  study,  however, 
we  transmitted  through  just  one  channel  and  re¬ 
ceived  in  all  the  others. 

7.  Summary 

This  paper  has  shown  that  coherent  laser  radar  array 
receivers  can  mitigate  the  adverse  effects  of  target 
speckle  and  atmospheric  turbulence.  We  showed 
that  the  EG  receiver,  which  is  much  simpler  to  im¬ 
plement,  performs  within  1  dB  of  the  optimal  MR 
receiver.  Specifically,  for  an  EG  receiver,  the  mean 
CNR  will  increase  nearly  linearly  with  the  number  of 
array  elements  M,  and  the  normalized  CNR  variance 
wrill  decrease  at  a  rate  close  to  1/M.  In  addition,  the 
effect  of  correlation  between  neighboring  apertures 
mil  increase  carrier  fading  and  should  be  kept  to  a 
minimum  by  employing  an  aperture  separation  dis¬ 
tance  Imger  than  the  mean  speckle  diameter. 

The  results  of  an  eight-aperture  coherent  array 
numerical  simulation  were  presented,  which  pro¬ 
vided  confidence  in  the  statistical  models  of  the  CNR 
enhancement  and  also  facilitated  the  testing  of  algo¬ 
rithms  for  processing  the  measured  field  data. 

Results  of  a  2-km  round-trip  field  demonstration  of 
a  dual-aperture  real-time  equal-gain  coherent  array 
showed  it  to  perform  extremely  close  to  theoretical 
predictions  under  moderate  mean  CNR  conditions. 
For  low  CNR  levels,  however,  the  measured  results 
deviated  from  the  theory  by  approximately  25%.  We 
also  observed  less  carrier  fading,  of  the  order  of  10- 
20%,  for  the  monostatic  receiver  than  for  the  bistatic 
receiver. 
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Currently  we  are  developing  an  eight-aperture  ar¬ 
ray,  This  second-generation  array  includes  an  en¬ 
hanced  EOPLL.  The  principal  modifications  to  the 
loop  include  smaller  PZT’s,  which  exhibit  higher  fre¬ 
quency  response  and  an  optimized  loop  filter.  Mul¬ 
tiple  fiber  wraps  arotmd  the  PZT  cylinders  have  been 
employed  to  compensate  for  the  reduced  peak-to-peak 
phase  deviation  associated  with  the  smaller  PZT's. 
We  found  that  eight  layers  of  fiber  provide  approxi¬ 
mately  four  times  the  response  of  a  single  layer. 

Upon  completion  of  this  eight-aperture-receiver 
system,  we  expect  that  the  mean  CNR  will  improve 
6.8  fold,  the  fading  will  be  reduced  by  a  factor  of  1/7.4, 
and  the  system  will  be  able  to  compensate  for  phase 
fiuctuation  rates,  caused  by  either  atmospheric  tur¬ 
bulence  or  target  movement,  as  much  as  5-10  kHz. 
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3.0  TARGET-INDUCED  SPECKLE  EFFECTS  IN  LIDAR  APPLICATIONS 


James  E.  Harvey,  Ph.D. 

Coherent  lidar  return  signatures  consist  of  amplitude  and  phase  variations  at  the  receiver.  A  typical 
coherent  lidar  array  receiver  (CLAR)  scenario  is  illustrated  schematically  in  Figure  3.1.  The  resulting  speckle 
pattern,  whether  induced  by  target  surface  characteristics  or  atmospheric  turbulence,  can  significantly  decrease  the 
heterodyne  efficiency  of  the  CLAR  receiver.  The  spatial  and  temporal  characteristics  of  the  speckle  pattern  will 
depend  upon  the  size,  shape,  material,  texture,  and  motion  of  the  target  as  well  as  the  wavelength,  spectral 
bandwidth,  and  state  of  polarization  of  the  illuminating  laser  beam.  In  general  the  return  signature  is  accompanied 
by  "glints"  which  significantly  complicates  the  analysis  of  speckle  effects  upon  CLAR  performance.  However, 
because  speckle  phenomena  is  inherent  in  laser  radar  systems,  there  exists  the  possibility  of  developing  techniques 
for  target  discrimination  using  laser  speckle.[l] 


Figure  3.1:  Typical  CLAR  scenario  illustrating  random  phase  and  intensity  variations  at  the 
receiver. 

Speckle  characteristics  affecting  CLAR  experiments  include:  mean  speckle  size,  mean  speckle  intensity, 
mean  speckle  separation,  temporal  effects,  phase  statistics  of  the  received  electric  field,  and  polychromatic  effects. 

For  distributed  array  receivers,  the  mean  speckle  size  as  a  function  of  threshold  level  is  of  particular 
interest.  This  specific  speckle  characteristic  has  been  investigated  both  theoretically  and  experimentally  under  this 
contract.  Extensive  experimental  measurements  of  average  speckle  size  as  a  function  of  intensity  threshold  level 
were  made  for  several  different  targets  and  illumination  conditions.  Excellent  agreement  with  theory  was  obtained 
for  intensity  threshold  levels  greater  than  approximately  twice  the  mean  intensity. 

3.1  Background 

Speckle  is  inherently  an  interference  phenomenon  produced  when  a  rough  object  or  turbulent  medium 
introduces  some  degree  of  randomness  to  a  reflected  or  transmitted  electromagnetic  field.  Because  the  vast  majority 
of  surfaces  are  rough  on  the  scale  of  an  optical  wavelength,  large  spatial  variations  occur  in  the  phase  of  the 
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reflected  electromagnetic  field.  As  this  randomly  perturbed  wavefront  (phase  variation)  propagates,  a  three- 
dimensional  speckle  pattern  is  produced. 

Figure  3.2  shows  the  random  intensity  distribution,  or  speckle  pattern,  resulting  from  the  reflection  of 
coherent  illumination  from  a  rough  object.  The  speckle  pattern  consists  of  a  multitude  of  bright  and  dark  spots  of 
unusual  shapes  with  no  preferred  orientation  and  appears  unordered  and  chaotic  in  nature.  Hence,  the  methods  of 
probability  and  statistics  are  used  to  quantitatively  describe  the  extremely  complex  patterns  of  laser  speckle,  and  to 
relate  them  to  target  characteristics. [2] 


The  average  size 
surface  or  target. 


Figure  3.2:  Typical  laser  speckle  pattern. 

and  shape  of  each  speckle  lobe,  depends  on  the  size  and  shape  of  the  illuminated  portion  of  the 
A  well  known  relation  for  the  average  speckle  size  can  be  expressed  as 

XL 
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(3.1) 


where  d  is  the  average  speckle  diameter  (at  zero  intensity  level)  due  to  free-space  propagation,  X  is  the  wavelength 
of  the  illumination,  L  is  the  distance  from  the  target  to  the  receiver,  and  D  is  the  width  of  an  illuminated  square 
region  on  the  target. [3,4] 

The  structure  of  a  speckle  pattern,  includiug  the  average  size  and  shape  of  the  individual  speckle  lobes, 
depends  mainly  on  the  shape  of  the  illuminated  portion  of  the  surface  or  the  shape  of  the  target.  Since  the  speckle 
pattern  is  an  intensity  variation  over  space,  any  definition  of  "the  average  size  of  a  speckle"  must  be  based  on  the 
correlation  properties  of  this  intensity.  Following  Goodman  [4],  the  autocorrelation  function  of  the  speckle  intensity 
assumes  the  form 
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where  the  function  P(^,rj)  represents  the  amplitude  of  the  field  incident  on  the  scattering  spot.  Thus,  the  intensity 
autocorrelation  function  is  equal  to  the  magnitude  squared  of  the  Fourier  transform  of  the  scattering  field  plus  a  bias 
level  equal  to  the  squared  value  of  the  mean  intensity  in  the  speckle  pattern. 

The  power  spectral  density  (PSD)  function  (or  power  spectrum)  of  the  speckle  intensity  distribution  I{x,y) 
can  be  obtained  by  Fourier  transforming  the  autocorrelation  function  iR/Ax,  Ay) .  This  is  known  as  the  Wiener- 
Kintchine  theorem  [5].  Applying  a  Fourier  transformation  to  Equation  (3.6)  yields 
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The  PSD  of  the  speckle  pattern  consists  of  a  5-function  component  at  zero  frequency,  plus  a  component 
having  the  same  shape  and  frequency  range  of  the  normalized  autocorrelation  function  of  the  intensity  distribution 
incident  on  the  scattering  area. 

Using  a  square  scattering  area  as  an  example  will  help  illustrate  the  relationships  described  above. 
Representing  the  illuminated  area  on  the  scattering  surface  as 

lp(^, 0)1^  =rec/(^)  (3.4) 


,  ,  1 

where  rect(x)=l  for  W  <“ ,  zero  otherwise  (dimensions  of  the  scattering  area  are  1  x  1).  The  autocorrelation 


function  of  intensity  is 
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Now  the  power  spectrum  (PSD)  of  the  speckle  intensity  distribution  is  obtained  by  Fourier  transforming  the 

autocorrelation  function  9^  /(Ax,A);)  in  Equation  (3.5)  resulting  in 

‘^/(v.>0)  =  ?[5(v^,0)+(^)V/(:^J] .  (3.6) 

These  expressions  and  their  relationships  to  each  other  and  to  the  speckle  intensity  distribution  I{x,y)  are 
shown  in  Figure  3-3  for  the  one  dimensional  case. 


3.1.1  Fully  Developed  Speckle  (FDS) 

If  the  reflecting  surface,  which  is  rough  on  the  scale  of  a  wavelength,  is  so  rough  that  the  reflected  light 
produces  xmiformly  distributed  random  phase  changes  comparable  to  In  radians,  then  the  speckle  is  called  fully- 
developed.  In  other  words,  any  phase  change  between  -tt  and  +7i  is  equally  likely  upon  reflection  from  any  point  on 
the  surface  chosen  at  random.  The  speckle  effect  decreases  as  the  ratio  of  the  surface  roughness  to  the  wavelength 
of  illumination  is  decreased.  For  example,  very  little  speckle  effect  could  be  produced  from  reflection  from  a 
smooth  mirror.  The  relationship  is  not  linear  though,  because  a  type  of  saturation  exists  in  fully-developed  speckle. 
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Once  the  phase  fluctuations  exceed  2%  radians,  any  further  increases  in  roughness  will  produce  no  perceptible 
changes  in  the  irradiance  statistics. [3] 
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Figure  3.3:  Relationships  between  the  pupil  function,  the  intensity  distribution,  the  autocorrelation 
function  of  intensity  and  the  power  spectral  density  of  intensity.  The  I  denotes 
autocorrelation  and  3  denotes  the  Fourier  transform. 


The  structure  of  the  surface  (roughness)  does  not  affect  the  size  of  the  speckles,  although  the  actual  spatial 
distribution  of  the  speckle  pattern  does  depend  on  the  properties  of  the  target  surface.  Two  different  target  surfaces 
(one  may  be  much  rougher  than  the  other),  will  produce  speckles  with  the  same  statistics,  while  the  spatial 
distribution  of  the  two  speckle  patterns  will  be  completely  different. 

The  most  important  statistical  property  of  a  speckle  pattern  is  the  probability  density  function  (PDF)  of  the 
intensity  /.  The  primary  interest  in  the  PDF  is  the  probability  that  the  intensity  exceeds  a  threshold  which  can  be 
determined  from  the  cumulative  distribution  function  (CDF)  by  integration  over  the  PDF.  What  is  the  probability  of 
observing  a  bright  peak  of  intensity  or  a  dark  null  at  a  given  point?  Goodman  answers  this  question  by  treating 
speckle  as  a  classical  random  walk  phenomenon. 
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If  the  niimber  N  of  elementary  contributions  is  large,  then  (a)  the  real  and  imaginary  parts  of  the  complex 
field  at  (x,y,z)  are  independent,  zero  mean,  identically  distributed  Gaussian  random  variables,  and  (b)  the  intensity  / 
obeys  negative  exponential  statistics,  i.e.,  its  probability  density  function  is  of  the  form 

|(^})xp(-/-)  1^0 

pXl)-\  (3-7) 

I 

t  0,  otherwise 

where  I  is  the  mean  or  expected  intensity. 

The  above  PDF  is  shown  in  Figure  3.4  where  the  intensity  has  been  normalized  by  the  mean  intensity  I 
and  I PjO)  is  the  probability  P(^l)  that  the  intensity  exceeds  a  threshold  /. 


Figure  3.4:  Probability  density  function  (PDF)  of  a  speckle  pattern  produced  by  linearly  polarized  light. 

Thus,  the  normalized  probability  density  function  of  a  fully-developed,  polarized  speckle  pattern  follows 
the  negative  exponential  curve  shown  above.  Also,  a  fundamentally  important  characteristic  of  the  negative 
exponential  distribution  is  that  its  standard  deviation  precisely  equals  its  mean.  Thus,  the  contrast  of  a  fully- 
developed,  linearly  polarized  speckle  pattern,  as  defined  by 


C  = 


(3.8) 


is  always  unity. 


3.1.2  Partially  Developed  Speckle  (PDS) 

Partially  developed  speckle  patterns  are  produced  when  a  weak  diffuser,  such  as  ground  glass  with  a  root- 
mean  square  (rms)  surface  roughness  smaller  than  the  optical  wavelength,  is  illuminated  by  coherent  light.  The 
weak  diffuse  object  means  that  it  would  distribute  the  phase  over  less  than  2n.  The  far-field  diffraction  pattern 
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generally  consists  of  a  central  specular  peak  surrounded  by  a  speckle  pattern  which  is  present  even  at  a  considerable 
distance  from  the  peak  and  follows  usual  speckle  statistics  produced  by  a  strong  diffuse  object.[6]  Partially 
developed  speckle  patterns  have  been  extensively  studied  by  Dainty, [7]  Goodman,  [8]  Ohtsubo  and  Asakura  [9]  and 
others. 

No  attempt  will  be  made  to  present  a  rigorous  theory  of  partially  developed  speckle,  however,  it  will  be 
shown  that,  in  many  situations,  partially  developed  speckle  patterns  can  be  adequately  described  by  combining 
conventional  BRDF  data  with  the  usual  fully  developed  speckle  statistics. 

The  speckle  patterns  shown  in  Figure  3.5  were  computer  generated  to  illustrate  the  reduction  in  the  speckle 
effect  as  the  ratio  of  the  surface  roughness  to  the  wavelength  of  illumination  is  decreased  for  a  rectangular  scattering 
area.  The  algorithm  is  based  on  an  amplitude  and  phase  description  of  the  field  reflected  from  the  target  surface 
given  by 

where  (3.9) 

=  coefn  rand(yi,n) 

represents  the  random  phase  induced  by  the  n  by  n  target  surface.  The  coefficient  (coef)  controls  the  magnitude  of 
uncorrelated  random  phases  (rand(n,n))  varying  between  zero  and  one. 

A  far-field  intensity  speckle  pattern  is  produced  by  calculating  the  squared  modulus  of  the  Fourier 
transform  of  the  field  described  by  Equation  3.5.  A  coefficient  of  2  resulted  in  the  fully  developed  speckle  pattern 
shown  in  Figxue  3.5(a).  Any  further  increases  in  the  coefficient  produce  no  changes  in  the  nature  of  the  speckle 
pattern.  However,  while  a  coefficient  of  0  results  in  the  far-field  diffraction  pattern  for  a  rectangular  aperture  shown 
in  Figure  3.5(d),  Figures  3.5(b)  and  (c)  are  called  partially  developed  speckle  patterns  and  were  produced  by 
coefficients  (coef)  of  1  and  0.35  respectively. 

Figure  3.6  verifies  the  claim  that  m  a  partially  developed  speckle  pattern,  the  region  out  of  the  specular 
beam  follows  negative  exponential  statistics.  Figure  3.6(a)  shows  the  normalized  probability  density  function  for 
the  fully-developed  speckle  pattern  in  Figme  3.5(a)  and  a  negative  exponential  curve  for  comparison.  In  Figure 
3.6(b)  the  normalized  probability  density  function  for  a  200  x  200  pixel  area  taken  from  the  upper  left  comer  of 
Figure  3.5(c)  just  out  of  the  glmt  region.  Again  a  negative  exponential  curve  is  shown  for  comparison. 


2.0  /_  3.0 
I  / 


2.0  /_  3.0 
II 


Figure  3.6:  a)  The  normalized  PDF  for  fully  developed  speckle  follows  a  negative 
exponential  curve,  b)  for  the  'out  of  the  glinf  region  of  a  partially  developed 
speckle  pattern  the  PDF  also  follows  negative  exponential  statistics. 


Experimental  measurements  of  partially  developed  speckle  patterns  produced  by  a  variety  of  different 
target  types  will  be  presented  in  the  following  sections  of  this  chapter  along  with  the  relevant  surface  characteristics 
for  selected  targets. 
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3.1.3  The  Bidirectional  Reflectance  Distribution  Function 

The  bidirectional  reflectance  distribution  function  (BRDF)  is  the  standard  radiometric  measurement  for 
specifying  the  angular-scattering  distribution  of  a  surface.  [1,10]  The  BRDF  describes  the  scattering  of  light  from  a 
flat  surface  element  in  terms  of  both  the  illumination  direction  and  the  observation  direction. 

The  BRDF  is  defined  as  the  reflected  radiance  of  a  surface  element  dA  into  a 

differential  sohd  angle  ddij.  in  the  direction  ^  ^ ^  divided  by  the  incident  irradiance  dE^^  ^ ,  (j)^  ^  producing 


it. [10]  The  BRDF  is  expressed  in  units  of  inverse  steradians  (sr'^). 


(3.10) 


The  angles  used  in  this  definition  are  illustrated  in  Figure  3.7. 


z 


Figure  3.7:  Geometry  of  incident  and  reflected  elementary  beams  used  to  define  the 
bidirectional  reflectance  distribution  function  (BRDF). 


The  numerical  value  of  the  BRDF  for  a  given  pair  of  incident  and  reflected  directions  may  vary  from  zero 
to  infinity.  In  particular,  consider  two  ideal  cases.  Theoretically,  the  BRDF  is  a  constant  value  for  all  reflected 
directions  for  a  perfectly  diffuse  (Lambertian)  surface;  and  it  becomes  infinite  (as  a  Dirac  delta  function)  in  the 
specular  direction  for  a  perfect  mirror  surface. 

We  will  show  that  this  conventional  (incoherent)  BRDF  determines  the  local  mean  intensity  of  the  speckle 
pattern  produced  by  a  given  target.  Hence,  the  value  of  the  BRDF  (in  the  direction  of  the  receiver)  integrated  over 
the  target  is  necessary  in  addition  to  the  local  normalized  speckle  statistics  when  calculating  the  performance  of 
laser  radar  receivers. 


3.2  Accomplishments 
3.2.1  Target  Characteristics 

In  order  to  produce  the  desired  fully'-developed  and  partially-developed  speckle  patterns,  three  different 
materials  were  used  to  develop  a  wide  range  of  target  sizes,  shapes  and  textures.  Both  planar  and  three-dimensional 
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targets  such  as  cylinders  were  used  (see  Figure  3.8).  A  total  of  eighteen  samples  of  aluminum,  steel  and  glass  were 
subjected  to  varying  degrees  and  combinations  of  polishing,  sandblasting  and  acid  etching  to  achieve  different 
surface  characteristics.  Dr.  Jean  M.  Beimett  of  the  Naval  Air  Warfare  Center,  China  Lake,  California  deserves 
special  thanks  and  acknowledgment  for  providing  surface  characterization  measurements  on  many  of  these  samples. 

Polished  Sandblasted 


12.5  mm 


6.3  mm 

jfQ 


12.5  mm 


6.3  mm 


12.6  mm 


Figure  3.8:  Illustration  of  target  sizes  and  shapes 

We  illustrate  only  an  example  of  target  surface  characterizations  in  this  report.  A  complete  catalog  of  the 
target  characterizations  can  be  found  in  Appendix  A  of  Reference.[l  1] 


Figure  3.9:  Height  distribution  function  for  the  sandblasted  steel  (Courtesy  of  Dr.  Jean  Beimett). 
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Figure  3.10:  Surface  profile  of  the  sandblasted  steel  surface  (Courtesy  of  Dr.  Jean 
Bennett). 


Figure  3.11:  Average  autocovariance  function  for  the  sandblasted  steel  sample  (Courtesy  of 
Dr.  Jean  Bennett). 


Figure  3.12:  Power  spectral  density  function  for  the  sandblasted  steel  sample  (Courtesy  of  Dr. 
Jean  Bennett). 
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3.2.2  Experimental  Measurements 

This  section  gives  a  description  of  the  instrumentation  and  the  experimental  configurations  used  for  the 
measurement  and  collection  of  BRDF  and  speckle  data. 

3.2.2.1  BRDF  Measurements 

A  precision  numerically-controlled  goniometric  radiometer  was  used  for  the  BRDF  surface  scatter 
measurements.  The  system  is  fully  automated  using  an  A/D  converter  and  a  stepping  motor  controller.  A  386  PC 
with  an  IEEE-488  bus  drives  the  scanning  detector  arm,  records  the  scattered  intensity  measurements,  processes  the 
data,  and  displays  the  results.  The  entire  instmment  (except  the  computer)  is  mounted  on  an  optical  table  which  has 
been  enclosed  to  minimize  dust,  ambient  light  and  unwanted  scattered  light  within  the  system.  A  block  diagram  of 
the  instrument  is  shown  in  Figure  3.13. 


Figure  3.13:  Block  diagram  of  the  BRDF  instrument. 

Light  incident  on  the  sample  is  specularly  reflected  at  twice  the  angle  of  incidence  onto  the  observation 
hemisphere.  The  detector  scans  a  semicircular  path  in  the  plane  of  incidence  to  measure  the  angular  distribution  of 
scattered  light.  An  optical  layout  is  illustrated  schematically  in  Figure  3.14. 
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Figure  3.14;  Schematic  illustration  of  BRDF  instrument. 
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A  typical  BRDF  curve  for  a  highly  reflective  (mirror)  surface  is  shown  in  Figure  3.15.  Note  that  the 
specular  beam  is  at  10  degrees  and  the  incident  beam  (-10  degrees)  is  blocked  by  the  scanning  detector  when 
measurements  are  made  in  the  plane  of  incidence. 


Figure  3.15:  BRDF  curve  from  a  highly  reflective  surface. 

Of  particular  interest  is  the  scattering  properties  of  the  3-M  retro-reflective  tape  used  to  cover  the  target 
boards  for  the  field  tests  of  our  laser  radar  experiments.  Three  different  types  of  retro-reflective  tape  were 
examined.  Electron  micrographs  indicated  that  the  tape  consisted  of  a  reflective  surface  covered  with  micro-spheres 
which  enhance  the  reflectance  in  the  ’’retro”  direction  (see  Figure  3.16).  The  BRDF  curves  in  Figure  3.17  indicate 
that  the  particular  tape  that  we  chose  for  our  target  boards  has  a  reflectance  in  the  retro-direction  that  is  a  factor  of 
200  to  500  greater  than  a  perfectly  reflecting  Lambertian 


Figure  3.16:  Electron  micrograph  of  3M  retro-reflective  tape. 


Figure  3.17:  BRDF  curve  of  3M  retro-reflective  tape. 
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3.2.2.2  Speckle  Measurements 

Figure  3.18  shows  a  schematic  diagram  of  the  optical  setup  used  for  the  collection  of  speckle  data  with 
visible  illumination  on  the  target.  For  these  experiments  a  Particle  Measuring  Systems  Helium-Neon  Tunable  Laser 
was  used  as  the  light  source.  Red,  orange,  yellow  and  green  wavelengths  were  available  with  this  laser,  although 
most  of  the  experiments  were  conducted  with  the  red  (632.8  nm)  wavelength.  After  the  beam  exits  the  laser,  it  is 
directed  into  a  40X  microscope  objective  for  beam  expansion  and  a  5  mm  pinhole  for  optical  spatial  filtering.  The 


collimating  lens  was  mounted  on  a  translation  stage  making  it  possible  to  work  with  a  collimated  beam  or  to  use 
converging  or  diverging  illumination.  The  beam  was  then  reflected  from  a  mirror  which  allowed  path  length 
adjustability  and  directional  control.  When  it  was  necessary  to  control  the  size  of  the  beam  striking  the  target  an  iris 
was  placed  between  the  mirror  and  the  target.  The  target  stage  was  designed  to  adapt  to  the  different  types  of 
targets  allowing  for  precision  positioning  and  translation  or  rotation  as  appropriate.  Fully  polarized  speckle  is 
customarily  treated  as  a  special  case  [8],  and  a  linear  polarizer  is  placed  directly  in  front  of  the  camera  to  assure  that 


any  depolarization  effects  caused  by  scattering  from  the  target  are  eliminated  from  the  speckle  data. 
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Objective 
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Mirror 
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Figure  3.18:  Experimental  configuration  for  laser  speckle  data  collection. 

The  Star  I  Camera  System,  a  Photometries  Ltd.  scientific-grade  charge-coupled  device  (CCD)  camera,  was 
selected  because  of  its  low  noise,  high  linearity,  and  high  dynamic  range.  The  CCD  imager  contains  384  x  576 
pixels  that  are  23  mm  x  23  mm  in  size.  When  a  newly  acquired  image  is  digitized,  the  analog-to-digital  (A/D) 
converter  assigns  a  value  in  A/D  units  (ADUs)  to  each  pixel.  The  ADU  value,  or  pixel  intensity  value,  is 
proportional  to  the  number  of  electrons  stored  in  each  pixel  and  can  range  from  0  to  4096  (12-bit  precision).  The 
camera  controller  operates  the  camera  head  and  contains  the  power  supplies,  slow  scan  electronics,  and  image 
random  access  memory  used  to  digitize  and  temporarily  store  an  image.  The  liquid  circulation  unit 
thermoelectrically  cools  the  camera  head  which  reduces  the  dark  current.  The  video  monitor  displays  each  image 
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using  256  gray-scale  levels.  The  Star  I  Camera  System  is  operated  through  an  IEEE-488  interface  and  imaging 
processing  software  using  a  PC  as  the  host  computer. 

A  few  simple  preliminary  experiments  were  performed  to  illustrate  the  properties  of  speckle.  To  illustrate 
the  first-order  statistical  properties  of  polarized  laser  speckle  three  separate  speckle  patterns  were  obtained  holding 
all  variables  constant  (target,  illumination  size,  distance  to  detector,  etc.)  except  the  illumination  intensity.  The 
intensity  was  varied  using  a  neutral  density  filter  and  the  intensity  histograms  are  shown  in  Figure  3.19  with  the 
mean  and  maximum  values  for  each.  While  the  histograms  vary  significantly  with  intensity,  the  normalized 
probability  density  functions  for  the  three  distributions  are  virtually  identical.  Thus,  the  reason  for  using  a 
normalized  PDF  is  its  insensitivity  to  the  illumination  intensity. 

1200  [ 

H 
2 

§600 
O 

400 


Figure  3.19:  Intensity  histograms  for  an  experimental  configuration  where  the  only 
changed  variable  was  the  illumination  intensity. 

The  normalized  PDF  for  one  of  the  above  speckle  patterns  described  above  is  shown  in  Figure  3.20  along 
with  a  negative  exponential  curve  for  comparison  and  a  truncated  portion  of  the  corresponding  speckle  pattern.  The 
nature  of  this  target  is  such  that  the  resulting  speckle  pattern  is  expected  to  be  folly-developed  producing  a  negative 
exponential  PDF  distribution.  However,  real  measurements  of  speckle  data  can  rarely  be  perfect  even  in  the  most 
controlled  circumstances.  The  departure  from  the  negative  exponential  curve  is  undoubtedly  due  to  a  variety  of 
measurement  error  sources  as  discussed  in  section  3.2.3. 
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Figure  3.20.  Normalized  PDF  for  acmal  measured  speckle  data  and  a  negative  exponential  curve 
for  comparison. 
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A  normalized  autocovariance  function  calculated  from  measured  speckle  data  from  a  fully  developed 
speckle  pattern  is  illustrated  in  Figure  3.21. 


Figure  3.21:  Normalized  autocovariance  function  calculated  from  measured  speckle  data. 

If  the  reflecting  surface  is  "quasi-smooth"  (i.e.,  rms  roughness  less  than  a  wavelength),  then  the  far-field 
partially  developed  speckle  pattern  consists  of  a  specular  peak  or  "glint"  surrounded  by  a  speckle  pattern  which 
exhibits  the  usual  speckle  statistics.  Figure  3.22  illustrates  a  portion  of  the  partially  developed  speckle  pattern  in  the 
region  of  the  "glint"  produced  by  the  polished  steel  target 


Figure  3.22:  Partially-developed  speckle  pattern  (in  the  glint)  produced  by  the  polished  steel  target. 

If  we  observe  and  record  the  intensity  speckle  pattern  far  from  the  region  of  the  glint  as  illustrated  in  Figure  3.23, 
the  intensity  is  obviously  much  lower;  however,  the  normalized  PDF  and  the  normalized  auto  covariance  function 
from  this  measured  data  seems  to  obey  the  statistics  of  fully  developed  speckle  patterns.  These  quantities  are 
illustrated  in  Figures  3.24  and  3.25  respectively. 
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Figure  3.23:  Partially-developed  speckle  pattern  (out  of  the  glint)  produced  by  the  polished  steel  out  of  the  glint 


Figure  3.24:  Normalized  probability  distribution  function  for  the  speckle  pattern  shown  in  Figiue  3.22. 


Figure  3.25:  Normalized  autocovariance  function  for  the  speckle  pattern  shown  in  Figure  3.22. 


One  final  example  of  interest  is  the  partially  developed  speckle  pattern  produced  by  a  quasi-rough 
cylindrical  target  that  exhibits  a  strong  "glint",  or  specularly  reflected  component.  When  the  CCD  camera  is  in  the 
glint  region  (Figure  3.26a),  extremely  elongated  speckles  are  observed.  This  is  to  be  expected  since  the  specularly 
reflected  cylindrical  wavefront  appears  to  arise  from  a  line  source  at  the  axis  of  rotation  of  the  cylinder.  Outside  of 
the  specularly  reflected  beam  (Figure  3.26b),  the  speckle  pattern  is  very  similar  to  that  observed  from  a  rough  planar 
rectangular  target  with  the  same  length-to-width  ratio  as  the  cylinder. 


Figure  3.26:  Speckle  patterns  produced  by  a  quasi-smooth  cylinder  provides  information 
about  the  physical  characteristics  of  the  target:  a)  in  the  glint,  or  specularly 
reflected  beam,  and  b)  out  of  the  glint,  in  the  diffusely  scattered  region. 

Considerable  information  about  this  or  any  other  target,  including  the  size,  shape  and  surface  texture,  can  thus  be 
determined  by  the  investigation  of  the  first-  and  second-order  statistical  properties  of  the  speckle  pattern  and  the 
BRDF  of  the  surface.  A  complete  catalog  of  speckle  data  from  the  various  targets  can  be  found  in  Appendices  B 
and  C  of  Reference  1 1 . 

3.2.3  Effects  of  Error  Sources  upon  Measured  Speckle  PDF’s 

Experimental  measurements  of  laser  speckle  are  the  sum  of  the  actual  data  and  any  outside  noise 
contributors  that  affect  the  measurement.  Factors  in  the  experiment  which  could  degrade  the  resulting  measurement 
include  such  things  as  camera  detector  dark  current  and  amplifier  noise,  the  finite  pixel  size  of  the  CCD  camera, 
background  radiation,  polarization  effects,  spatial  averaging  of  the  speckle  pattern  due  to  vibration  during  the 
exposure  time,  turbulence  effects  in  the  beam  path  during  the  exposure  time,  finite  line- width  of  the  laser  beam,  etc. 
Extreme  care  was  taken  to  control  the  experimental  environment;  however,  noise  still  corrupts  the  negative 
exponential  PDF.  It  should  be  remembered  that  from  signal  and  systems  analysis  theory,  the  PDF  of  the  sum  of  two 
statistically  independent  random  variables,  is  equal  to  the  convolution  of  the  two  individual  PDFs  [12].  In  other 
words,  for  additive  noise,  the  measured  speckle  intensity  I^{x,y)  is 

^ measured^  ^speckle  ^ noised (^*^1) 

and  the  resulting  PDF  is 
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Since  there  are  many  independent  contributing  error  sources,  the  PDF  of  the  noise  can  be  thought  of  as  the 
convolution  of  the  PDF’s  of  the  individual  error  sources.  The  central  limit  theorem  thus  dictates  that  the  composite 


noise  PDF  will  approximate  a  Gaussian  function  [13]  as  is  illustrated  in  Figure  3.27. 


Figure  3.27:  For  additive  noise,  the  measured  PDF  is  given  by  the  convolution  of  the  ideal 
fully-developed  speckle  PDF  and  the  gaussian  composite  noise  PDF. 


The  specific  Gaussian  parameters  characterizing  the  composite  noise  PDF  were  determined  by  empirically  fitting 
the  convolution  of  a  Gaussian  function  with  the  ideal  negative  exponential  PDF  to  the  PDF  of  the  experimentally 
measured  speckle  data  obtained  from  a  reference  surface  whose  characteristics  are  such  that  it  should  yield  a 
fully-developed  speckle  pattern: 

=  ,  6  =  0.41/,  (3.13) 


The  PDFs  from  three  distinctly  different  speckle  patterns  were  compared  to  a  theoretical  prediction  of  the  PDF 
based  on  the  composite  noise  PDF  determined  above.  The  first  speckle  pattern  was  produced  by  illuminating  a 
circular  region  on  a  sandblasted  aluminum  target  with  coherent  radiation.  The  second  speckle  pattern  was  produced 
by  flood  illuminating  a  rectangular  aluminum  target  whose  surface  had  also  been  sandblasted.  Both  were  linearly 
polarized.  The  results  are  shown  below  in  Figure  3.28. 


Figure  3.28:  The  actual  PDF  and  the  prediction  based  on  the  composite  noise  PDF 
for  (a)  a  circular  target,  and  (b)  a  rectangular  target. 
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Polarization  effects  upon  the  speckle  PDF  are  quite  pronounced.  For  circularly  polarized  light  the  resulting 
speckle  pattern  is  the  incoherent  sum  of  two  orthogonal  linearly  polarized  speckle  patterns  and,  as  for  the  case  of 
unpolarized  light,  the  expected  PDF  is  a  Gamma  distribution  with  a  shaping  constant  of  M  =  2  as  shown  in  Figure 
3.29. [14]  This  particular  Gamma  distribution  is  just  the  convolution  of  two  negative  exponential  PDFs. 


yj 


Figure  3.29:  The  theoretical  PDF  for  speckle  patterns  produced  by  linearly 
polarized  and  circularly  polarized  laser  light. 

The  PDF  calculated  from  measured  speckle  data  produced  by  illuminating  a  circular  region  on  the 
sandblasted  aluminum  target  with  circularly  polarized  laser  light  departs  very  significantly  from  the  above  Gamma 
distribution.  Furthermore,  it  is  not  accurately  characterized  by  a  Gamma  distribution  of  any  shaping  constant. 
However,  since  both  orthogonally  polarized  speckle  patterns  are  separately  corrupted  by  the  composite  noise  PDF 
as  illustrated  in  Figure  3.30,  the  resulting  measured  speckle  PDF  is  equal  to  the  ideal  speckle  PDF  convolved  with  a 
noise  PDF  resulting  from  the  self-convolution  of  the  composite  noise  PDF  for  linearly  polarized  light. 


Convolution  of  measured 
PDFs  for  two  independent 
linear  polarizations. 

Above  measured  PDFs  broken 
down  into  the  convolution  of  the  ideal 
speckle  PDF  with  the  noise  PDF. 


Re-arrangement  of  the  abovePDFs  in 
accordance  with  the  commutative  and 
associative  properties  of  the  convolution  operation. 
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Composite  Noise  PDF  for 
Circularly  Polarized  Light  is 
a  broader  gaussian  function. 


Figure  3.30:  Schematic  diagram  illustrating  that  the  composite  noise  PDF  for  circularly  polarized  light  is 
merely  given  by  the  self-convolution  of  the  composite  noise  PDF  for  linearly  polarized  light. 


3-19 


This  composite  noise  PDF  for  circularly  polarized  light  is  thus  a  Gaussian  function  which  is  times  wider  than 
the  composite  noise  PDF  for  linearly  polarized  light. 


D  t  f\  ^  r  71  (x  ■ 

^noise  Z>2  L  ^ 


Figure  3.31  shows  the  PDF  calculated  from  a  measured  speckle  pattern  produced  from  a  circular  region  on  the 
sandblasted  aluminum  target  compared  to  the  theoretical  curve  convolved  by  the  composite  noise  PDF  for  circularly 
polarized  light  described  in  Eq  3.14.  The  agreement  is  again  excellent.  We  have  thus  experimentally  verified  our 
empirically  determined  composite  noise  PDF  which  characterizes  our  experimental  set-up,  including  all  of  the 
potential  error  sources. 


Figure  3.31:  The  expected  Gamma  distribution  for  this  speckle  pattern  and  the  actual 
measured  PDF  with  predicted  PDF  based  on  the  composite  noise  PDF. 


3.2.4  Mean  Speckle  Size  as  a  Function  of  Intensity  Threshold  Level 

For  laser  radar  distributed  array  receivers,  the  mean  speckle  size  as  a  function  of  threshold  level  is  of  particular 
interest.  Figure  3.32  shows  a  three-dimensional  isometric  plot  of  speckle  pattern  with  the  area  at  the  specific 
threshold  level  indicated. 


Figure  3.32:  Three-dimensional  isometric  plot  of  speckle  pattern  with  the  area  at  a 
particular  threshold  level  indicated. 
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This  average  speckle  size  has  been  investigated  theoretically  and  reported  by  Frank  E.  Ehagh  in  an  M.S. 
Thesis  entitled  ^Excursion  Areas  of  Intensity  Due  to  Random  Optical  Waves'  [15],  Kragh’s  theoretical  model  is 
based  upon  four  major  assumptions:  (i)  the  intensity  PDF  of  the  speckle  pattern  is  a  gamma  distribution,  (ii)  the 
process  is  spatially  ergodic,  (iii)  the  threshold  level  is  high  enough  to  allow  only  simply  connected  excursion  areas 
(no  doughnut  holes),  and  (iv)  the  expectation  of  the  ratio  of  the  total  speckle  area  to  the  total  number  of  speckles  is 
equal  to  the  ratio  of  the  expectation  of  the  total  speckle  area  to  the  expectation  of  the  total  number  of  speckles,  i.e., 

total  speckle  area 
total  number  of  speckles 


(total  speckle  area) 
(total  number  of  speckles) 


(3.15) 


and 


7t  exp  r  M, 


-  A 


The  above  assumptions  led  to  the  following  theoretical  model  for  the  expected  speckle  size  as  a  function  of  the 
normalized  intensity  threshold  level 


where 


(3-16) 


^thres 


=  the  normalized  intensity  threshold 


r(^M,  =  Jexp(“-0  ^  dt  =  the  incomplete  gamma 

"2  /  2 

M=  I  fO  j  the  shaping  constant  of  that  gamma  distribution 


IjQ-  and  \yy  are  the  second  moments  of  the  normalized 
spectral  density  function  of  the  electric  field. 


function 


A  detailed  experimental  characterization  of  the  average  speckle  size  as  a  function  of  intensity  threshold 
level  has  been  performed  and  is  compared  with  the  above  theoretical  model  For  this  investigation,  speckle  data 
was  produced  in  the  laboratory  using  different  types  of  targets,  the  variable  parameters  of  Eq.  (3.36)  were 
determined  for  the  experimental  data,  and  an  image  processing  code  was  used  to  determine  the  actual  area  and 
number  of  speckles  at  each  intensity  threshold  level 

The  parameters  contained  in  the  theoretical  model  were  fust  determined  from  experimentally  measured 
intensity  speckle  data.  The  gamma  distribution  shaping  constant,  M,  can  be  shown  to  equal  the  mean  intensity 
squared  divided  by  the  variance  of  the  intensity  as  indicated  above.  This  quantity  is  readily  calculated  from  the 

measured  speckle  data.  However,  and  \yy  depend  upon  the  normalized  PSD,  S(4,ri),  of  Khz  field  producing  the 

speckle.  Since  detectors  of  optical  radiation  respond  not  to  field  strength,  but  rather  to  optical  power  or  intensity, 
we  have  to  dtdMCt  field  statistics  from  intensity  statistics.  Fortunately,  Siegert’s  relation 

(3.17) 


3-21 


allows  us  to  do  just  that.[17]  Figure  3.33  illustrates  the  relationships  allowing  us  to  obtain  the  normalized^ze/^  PSD 
from  the  intensity  measurements. 
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Figure  3.33:  Illustration  of  relationships  allowing  us  to  obtain  the  normalized 
PSD  from  the  intensity  measurements. 

The  final  parameters,  \xx  ^d  lyy,  were  then  determined  by  applying  the  2nd  moment  theorem  of  Fourier  transform 

theory  [18]  by  calculating  the  peak  curvature  of  the  normalized  autocorreleation  of  the  field  using  a  parabolic  fit  to 
discrete  data  points. 

An  image  processing  computer  program  was  developed  to  calculate  the  total  area  and  number  of  speckles 
at  each  threshold  level  from  the  experimentally  measured  and  digitized  speckle  data  recorded  by  the  CCD  camera. 
The  digitized  data  was  first  scanned  to  find  the  highest  and  lowest  intensity  values  recorded.  The  threshold  level 
was  then  sequentially  increased  from  the  lowest  to  the  highest  recorded  intensity  values.  At  each  threshold  level  all 
speckles  were  identified,  counted,  and  the  total  speckle  area  calculated.  The  average  speckle  size  and  the  associated 
threshold  level  were  then  stored.  The  threshold  level  was  then  increased  and  the  procedure  repeated. 

The  speckle  identification  process  involves  determining  the  connectivity  between  pixels  to  establish 
boundaries.  The  concept  of  4-connectivity  was  used  to  minimize  ambiguities  and  accurately  identify  U-shaped  and 
doughnut-shaped  speckles  [19].  A  block  diagram  of  the  algorithm  used  in  the  code  is  shown  in  Figure  3.34. 

Comparison  of  the  experimentally  measured  and  theoretically  predicted  average  speckle  size  vs.  intensity 
threshold  level  is  illustrated  in  Figures  3.35  and  3.36  for  a  rotationally  symmetric  target  (l;^;  =  1^^)  and  a  non- 
symmetric  (Ijq-  _  1^^)  target.  Excellent  agreement  is  indicated  for  both  cases  for  threshold  levels  above 

approximately  1.5  times  the  mean  intensity  level.  Significant  departures  occur  in  the  comparison  at  the  low 
intensity  levels. 


Figure  3.34:  Block  diagram  of  the  algorithm  used  for  calculating  average 
speckle  size  from  measured  speckle  data. 
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Figure  3.35:  Comparison  of  theoretical  predictions  of  average  speckle  size  as  a  frmction  of 
threshold  level  with  experimental  measurements  for  an  isotropic  speckle  pattern. 
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Figure  3.36:  Comparison  of  theoretical  predictions  of  average  speckle  size  as  a  function  of 
threshold  level  with  experimental  measurements  for  a  non-isotropic  speckle  pattern. 
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The  error  bars  associated  with  each  measured  data  point  indicate  the  expected  range  of  experimental 
values.  To  determine  the  error  bars,  five  frames  of  uncorrelated  speckle  data  was  collected  from  one  sample  target 
and  the  speckle  area  curve  was  plotted  for  each  frame.  Since  no  trend  was  observed  in  the  percent  departure  from 
the  mean  over  the  range  of  Ithres!  ^  ^  average  was  used  for  the  error  bars. 

In  both  cases  for  which  detailed  comparisons  are  shown,  the  theoretical  curve  asymptotically  approached 
the  experimental  curve  at  high  threshold  levels;  however,  significant  departures  occur  in  the  comparison  at  the  low 
intensity  threshold  levels.  Excellent  agreement  between  theory  and  experiment  is  observed  for  intensity  threshold 
levels  greater  than  approximately  2.0  times  the  mean  intensity. 

An  examination  of  the  initial  approximations  and  assumptions  which  were  made  in  the  development  of  the 
theoretical  model,  and  an  investigation  of  the  nature  of  the  speckle  pattern  at  low  threshold  levels  helps  to  explain 
the  departure  between  the  theoretical  and  experimental  curves.  The  assumption  of  a  Gamma  distributed  intensity 
PDF  and  spatially  ergodic  speckle  data  is  probably  quite  accurate;  and  although  we  have  already  seen  that  the 
assumption  of  a  Gamma  distributed  intensity  PDF  is  not  strictly  valid  due  to  a  variety  of  measurement  error  sources, 
it  is  not  clear  that  the  effect  of  this  assumption  varies  significantly  with  threshold  level.  However,  we  will  see  that 
assumptions  #3  and  #4  discussed  earlier  are  not  valid  at  the  lower  threshold  levels. 

Figure  3.37  illustrates  speckle  data  at  a  threshold  level  equal  to  the  mean  intensity  for  the  1st  speckle 
pattern  investigated.  This  image  clearly  exhibits  speckles  that  are  not  simply-connected  (i.e.,  some  doughnut  holes 
are  observed).  Assumption  #3  is  therefore  not  valid  at  low  threshold  levels;  however,  these  occurrences  do  not 
seem  prevalent  enough  to  explain  the  departure  between  the  two  curves  at  the  lower  threshold  levels. 
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Figure  3.37 :  Speckle  pattern  at  a  threshold  level  equal  to  the  mean  intensity. 

More  significant  than  the  doughnut  holes  is  the  nature  of  the  highlighted  speckle  in  Figure  3.37.  Figure 
3.38  illustrates  the  same  speckle  pattern  at  four  different  threshold  levels.  As  the  threshold  level  is  reduced  the 
speckles  begin  to  coagulate.  A  small  decrease  in  threshold  may  therefore  result  in  a  small  increase  in  total  speckle 
area  but  a  drastic  change  the  number  of  speckles  present.  For  example,  at  a  slightly  higher  threshold,  the  total 
speckle  area  may  change  only  slightly,  but  the  highlighted  speckle  may  become  5,  6,  or  even  more  speckles  instead 
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of  one.  Thus,  assumption  #4  is  clearly  not  valid  at  the  lower  intensity  threshold  levels.  This  effect  is  undoubtedly 
the  main  contributor  for  the  departure  between  the  theoretical  curve  and  the  experimental  data  at  the  low  threshold 
levels. 


Figure  3.38:  Speckle  pattern  illustrated  at  four  different  threshold  levels:  (a)  Ifh^  f , 

(b)  Ith  =  2  'l,{o)Ith  =  ^  /,and(d)  Ith  =  ^  / 

As  a  final  check  on  the  theoretical  predictions,  a  computer  generated  speckle  pattern  with  a  nearly  perfect 
negative  exponential  PDF  was  treated  as  actual  data  and  a  comparison  of  the  directly  measured  average  speckle  size 
vs.  threshold  level  with  the  theoretical  prediction  was  made.  The  results  of  this  comparison  exhibited  the  same 
behavior  as  the  above  laboratory  generated  speckle  samples. 

3.3  Conclusions 

The  interference  phenomenon  known  as  laser  speckle  has  been  reviewed.  Speckle  effects,  whether  induced 
by  target  surface  characteristics  or  atmospheric  turbulence,  routinely  cause  signal  fading  and  a  reduction  in  the 
signahto-noise  ratio  in  laser  radar  systems.  The  spatial  and  temporal  characteristics  of  the  speckle  pattern  will 
depend  on  the  size,  shape,  material,  texture,  and  motion  of  the  target  as  well  as  the  wavelength,  spectral  bandwidth, 
and  state  of  polarization  of  the  illuminating  laser  beam.  Additionally,  the  return  signature  may  be  accompanied  by 
'glints'  which  complicate  the  analysis  of  speckle  effects. 

A  variety  of  targets  were  fabricated  and  characterized.  Speckle  data  was  acquired  using  the  different 
targets  and  changing  the  experimental  configuration  as  necessary  to  study  the  effects  of  target  size,  shape,  and 
texture,  as  well  as  illumination  wavelength  and  state  of  polarization.  The  speckle  patterns  and  corresponding 
statistics  were  discussed. 

It  was  shown  that  a  surface  which  is  smooth  on  the  scale  of  a  wavelength,  and  accordingly  produces  a 
partially-developed  speckle  pattern,  will  have  fully-developed  local  speckle  statistical  properties  when  observed  out 
of  the  glint  region.  A  smooth  surface  and  a  rough  surface  of  the  same  size  and  shape  will  appear  the  same  when 
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observed  away  from  the  specular  component.  A  demonstration  of  the  normalized  probability  distribution  function's 
insensitivity  to  illumination  intensity  was  shown. 

It  was  found  that  the  composite  noise  PDF  (due  to  the  sum  of  an  arbitrary  number  of  error  sources 
producing  additive  noise)  can  be  experimentally  determined  and  backed  out  of  measured  speckle  data.  This  can  be 
done  without  analyzing  the  error  sources  individually. 

An  extensive  experimental  investigation  of  the  speckle  size  as  a  function  of  intensity  threshold  level  was 
conducted.  The  results  were  compared  to  the  mathematical  model  developed  by  Frank  E.  Kragh.  In  the  two  cases 
for  which  detailed  comparisons  were  presented  in  this  report,  the  theoretical  curve  asymptotically  approached  the 
experimental  curve  at  high  threshold  levels;  however,  significant  departures  occur  in  the  comparison  at  the  low 
intensity  threshold  levels.  Excellent  agreement  between  theory  and  experiment  is  observed  for  intensity  threshold 
levels  greater  than  approximately  2.0  times  the  mean  intensity.  An  explanation  of  the  departure  between  the 
theoretical  and  experimental  curves  was  proposed  by  an  examination  of  the  initial  approximations  and  assumptions 
which  were  made  in  the  development  of  the  theoretical  model. 
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Average  speckle  size  as  a  function 
of  intensity  threshold  level:  comparison 
of  experimental  measurements  with  theory 


Terri  L.  Alexander,  James  E.  Harvey,  and  Arthur  R.  Weeks 


Speckle  phenomena  result  whenever  spatially  coherent  radiation  is  reflected  from  a  rough  surface  or 
propagated  through  a  random  medium  such  as  atmospheric  turbulence.  Speckle  characteristics  are 
therefore  a  major  concern  in  many  laser-imaging  or  wave-propagation  applications.  We  present  the 
results  of  experimental  measurements  of  target-induced  speckle  patterns  produced  in  the  iaborator>'  from 
a  variety  of  targets  and  illumination  conditions.  We  then  compare  these  experimental  measurements 
with  a  theoretical  model  for  the  average  speckle  size  as  a  function  of  intensity  threshold  level.  Excellent 
agreement  is  obtained  for  intensity  threshold  levels  greater  than  approximately  twice  the  mean  intensity 
level. 

Key  words:  Speckle  phenorhena,  random  surface  scattering,  binary  speckle  imaging. 


Introduction 

Speckle  is  inherently  an  interference  phenomenon 
produced  when  a  rough  object  or  a  turbulent  medium 
introduces  some  degree  of  randomness  to  a  reflected 
or  a  transmitted  electromagnetic  field.  Speckle  is 
therefore  present  in  laser  and  microwave  echoes  and 
transmissions.  It  is  also  seen  in  stellar  images, 
microscope  images,  and  microfilm  viewers.  Speckle 
constitutes  a  basic  noise  phenomenon  limiting  the 
working  resolution  of  coherent  systems  in  acoustics, 
microwave  and  infrared  technology,  and  visible  op¬ 
tics.  The  spatial  and  temporal  characteristics  of 
the  speckle  pattern  depend  on  the  size,  shape,  mate¬ 
rial,  texture,  and  motion  of  the  illuminated  object  as 
well  as  the  wavelength,  spectral  bandwidth,  and  state 
of  polarization  of  the  illuminating  radiation. 

A  typical  application  in  which  the  effects  of  speckle 
is  important  is  a  coherent  laser  radar  system.  The 
return  signature  at  the  receiver  consists  of  a  random 
speckle  pattern.  Speckle  effects,  whether  induced  by 
target  surface  characteristics  or  by  atmospheric  tur¬ 
bulence,  routinely  cause  signal  fading  and  a  reduction 
in  the  signal-to-noise  ratio  in  laser  radar  systems. 
Coherent  laser  radar  array  receivers  (CLAR’s)  are 
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being  explored  in  an  effort  to  mitigate  these  effects. 

A  t3rpical  CLAR  setup  is  illustrated  in  Fig,  1,  showing 
amplitude  and  phase  variations  at  the  array  receiver. 
Speckle  characteristics  affecting  CLAR  experiments 
include  mean  speckle  size,  mean  speckle  strength  or 
intensity,  mean  speckle  separation,  temporal  effects, 
phase  statistics  of  the  received  electric  field,  and 
polychromatic  effects. 

A  common  expression  for  the  minimum  speckle 
diameter  (cf)  that  is  due  to  free-space  propagation  is 
determined  by  the  illuminating  laser  wavelength  (X), 
the  distance  of  the  target  from  the  receiver  (L),  and 
the  size  of  the  illuminated  region  on  the  target  (D) 
(Ref.  1): 

d  >  \L/D.  (1) 

However,  for  many  applications,  a  more  detailed 
description  of  speckle  size  as  a  function  of  intensity 
threshold  level  is  desirable.  The  correlation  proper¬ 
ties  of  thresholded  (or  clipped)  time-varying  laser 
speckle  have  been  studied  in  detail.^"^^  Figure  2(a) 
shows  a  typical  speckle  pattern  produced  when  laser 
light  is  reflected  from  a  rough  surface.  A  three- 
dimensional  isometric  plot  of  the  intensity  speckle 
pattern  illustrating  the  speckle  size  at  a  particular 
intensity  threshold  level  is  shown  schematically  in 
Fig.  2(b). 

Theoretical  Development 

A  theoretical  investigation  entitled  “Excursion  areas 
of  intensity  due  to  random  optical  waves”  was  con- 
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Fig.  1.  Typical  CLAR  setup  illustrating  random  phase  and  inten¬ 
sity  variations  at  the  receiver . 


ducted  by  Kragh  in  a  master’s  thesis  at  the  University 
of  Central  Florida  in  1990.^^  The  theoretical  model 
developed  by  Kragh  approximates  the  expected  area 
of  excursion  regions  due  to  a  random  intensity.  The 
analysis  is  general  and  applies  to  any  two-dimen¬ 
sional  gamma-distributed  process,  including  laser 
speckle.  This  is  an  appropriate  assumption  for  laser 
light  that  has  propagated  through  the  atmosphere 
because  the  gamma  probability  density  function  (PDF) 
is  apphcable  for  the  intensity  of  a  sum  of  independent 
Gaussian  fields  and  may  be  used  to  describe  the 
image-intensity  statistics  in  coherent  imaging.^ 

Kragh  defines  the  average  size  of  a  single  speckle 
excursion  area  as 


He  then  makes  the  assumption  that  the  expected 
value  of  the  ratio  is  equal  to  the  ratio  of  the  expected 
values,  i.e., 

~  _  (Speckle  area  above  threshold)  Atot 
(Total  number  of  speckles)  N  ' 

where  Atot  is  the  fraction  of  the  speckle  are^bove  a 
given  intensity  threshold  level  (/thres)  and  N  is  the 
average  number  of  speckles  present  at  /thres-  Equa¬ 
tion  (3)  is  not  strictly  true  because  the  numerator  and 
the  denominator  are  not  independent.  However,  in 
spite  of  their  mutual  dependence,  this  approximation 
is  reasonable  at  high-intensity  threshold  levels  be¬ 
cause  both  the  number  of  speckles  and  the  total 
speckle  area  decrease  at  a  similar  rate  as  the  intensity 
threshold  increases.  Figure  2(b)  gives  a  visual  repre¬ 
sentation  of  the  average  speckle  size  for  an  intensity 
threshold  of  /thres  with  the  shaded  areas  representing 
the  excursion  areas  of  interest. 

The  fractional  speckle  area  above  a  given  threshold 
intensity  /thres  in  terms  of  the  intensity  PDF  pj{I)  is 
given  by 


PiUW, 

hhres 


(4) 


where  S  is  the  total  illuminated  area.  As  presented 
by  Goodman,^  the  intensity  statistics  for  coherent 
light  illuminating  a  rough  surface  is  predicted  by  the 
gamma  PDF: 


pj{i)  = 


^  exp[-M(///)] 

m) 


for  /  >  0,  (5) 


/Speckle  area  above  threshold \ 
\  Total  number  of  speckles  / 


Fig.  2.  (a)  Typical  speckle  pattern  produced  by  illumination  of  a 
rough  surface  with  laser  light;  (b)  a  schematic  illustration  of 
speckle  size  at  a  specific  intensity  threshold  level. 


where  M  is  the  shaping  constant,  I  is  the  average 
intensity,  and  r(M)  is  the  gamma  function.  Figure  3 
shows  a  plot  of  pj{I)  as  a  function  of  I  for  various 
values  of  M.  The  horizontal  axis  is  normahzed  with 
respect  to  the  average  intensity  to  remove  its  depen¬ 
dence  on  the  curves.  For  the  special  case  of  M  =  1 
the  gamma  PDF  reduces  to  the  negative  exponential 
PDF.  This  behavior  is  characteristic  of  fully  devel- 


Fig.  3.  Gamma  probability-distribution  function  plotted  for  sev¬ 
eral  values  of  M. 
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oped  speckle,  which  results  when  an  electromagnetic 
wave  is  reflected  from  a  surface  whose  roughness  is 
large  compared  with  the  wavelength  of  the  incident 
radiation,  and  the  extent  of  the  incident  wave  spans 
many  correlation  widths  of  the  surface  irregular!- 
ties.^^ 

If  the  surface  of  the  scattering  object  is  rough  on 
the  scale  of  an  optical  wavelength  and  the  scattered 
phases  are  uniformly  distributed  over  (— Tr,  ^),  there 
are  a  great  many  independent  phase  contributions, 
and  the  individual  linear  polarization  components  of 
the  speckle  field  follow  circular  complex  Gaussian 
statistics.  Hence  the  intensity  distribution  for  each 
polarization  obeys  negative  exponential  statistics.^ 
This  implies  an  M  value  of  one  in  Fig.  3.  The  total 
detected  intensity  distribution  for  the  unpolarized 
condition  yields  the  sum  of  two  negative  exponen¬ 
tially  distributed  intensities,  which  results  in  a  gamma 
PDF  with  a  shaping  constant  (M)  of  two.^ 

Placing  Eq.  (5)  into  Eq.  (4)  and  performing  the 
integration  yields 


^r(M,MAhres//) 
Aot  -  r(M) 


(6) 


where 


r(M,M7,h„s/-?)=  r  _exp(-tK«-M<  (7) 

is  the  incomplete  gamma  function. 

The  derivation  of  the  average  number  of  speckles  is 
not  as  straightforward  as  determining  the  fractional 
speckle  area  (Atot)  above  the  intensity  threshold  /thres- 
To  reduce  the  complexity  of  the  problem,  Kragh  made 
two  additional  assumptions.  The  first  states  that  all 
excursion  areas  are  simply  connected .  In  other  words 
there  are  no  doughnut-shaped  speckles  (refer  to  Fig. 
4,  last  speckle  on  the  right).  This  assumption  is 
obviously  valid  for  high-intensity  threshold  levels  but 
is  not  v^id  for  threshold  levels  much  lower  than  the 
mean  intensity.  The  second  assumption  is  that  the 
variations  in  intensity  are  spatially  ergodic,  permit¬ 
ting  the  joint  probability  distributions  of  the  random 
field  to  be  determined  from  a  single  realization. 

Kragh’s  derivation  of  the  expected  number  of  excur¬ 
sion  areas  (speckles)  at  a  particular  intensity  thresh- 


Fig.  4.  Contour  plots  of  /  =  /thres-  Points  marked  with  an  X 
satisfy  Eq.  (8),  and  points  marked  with  an  0  satisfy  Eq.  (9). 


old  level  is  a  two-dimensional  analog  of  a  method  for 
counting  excursion  intervals  of  a  one-dimensional 
function  developed  by  Middleton.  Consider  the 
excursion  areas  in  Fig.  4.  If  an  individual  excursion 
arua  is  approached  from  the  left,  in  the  x  direction, 
the  front  edge  of  the  area  will  have  a  combination  of 
concave  and  convex  sections.  Traveling  in  the  x 
direction,  the  intensity  is  increasing  on  one  side  of  the 
area  and  decreasing  on  the  other  side.  This  is 
described  as  4  (the  subscript  denotes  the  first  partial 
derivative  with  respect  to  x)  being  positive  on  one  side 
and  negative  on  the  other  side,  while  between  these 
two  extremes,  must  pass  through  zero  an  odd 
number  of  times  to  ensure  that  the  sign  changes  from 
one  side  to  the  other. 

On  the  outer  edge  of  the  contour  the  points  at 
which  Ix  changes  from  positive  to  negative  occur  once 
for  eveiy  convex  section,  and  at  this  point  =  0  and 
/xx  <  0,  which  indicates  that  the  intensity  reaches  a 
local  maximum  in  the  x  direction.  This  situation  is 
indicated  with  X’s  in  Fig.  4  and  shows  that,  at  these 
local  maximums,  forward  or  backward  movement  in 
the  X  direction  results  in  being  outside  the  excursion 
area. 

The  concave  sections  are  similarly  identified  by  the 
points  at  which  -  0  and  /xx  >  0  (4  changes  from 
negative  to  positive  as  x  increases).  At  these  points 
(identified  by  circles  in  Fig.  4)  a  local  minimum  is 
reached  in  the  x  direction,  and  forward  or  backward 
movement  in  the  x  direction  results  in  a  location 
inside  the  area. 

Within  each  of  the  thresholded  excursion  areas,  the 
intensity  may  increase  and  decrease  many  times 
while  staying  above  the  threshold  level.  However, 
the  net  change  in  1^,  across  an  excursion  area  is  from 
positive  to  negative;  therefore  /^  must  change  from 
positive  to  negative  one  time  more  than  from  negative 
to  positive.  As  a  result,  there  will  always  be  one 
convex  section  more  than  there  are  concave  sections. 

Each  convex  section  has  exactly  one  point  satisfy¬ 
ing  the  conditions 

/  =  4  =  0,  /,  >0,  I^<  0,  (8) 

and  each  concave  section  has  exactly  one  point  satisfy¬ 
ing  the  conditions 


/  =  /thres,  /x  =  0,  /v>0,  /^>0.  (9) 

For  each  excursion  area  the  difference  between  the 
number  of  points  satisfying  conditions  (8)  (Na)  and 
the  number  of  points  satisfying  conditions  (9)  {Nt,)  is 
one,  and  the  total  number  of  excursion  areas  is  the 
difference  in  the  total  number  of  points  satisfying 
each  condition: 


N=N,-N,,  (10) 

In  deriving  Eq.  (10),  we  assumed  that  the  boundaries 
were  smooth,  and  excursion  areas  with 

/=  /thres,  /x  =  0,  /%■  >  0,  /^^c  “  0 
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were  not  included  (i.e.,  speckles  of  zero  area  were  not 
counted). 

The  number  of  points  satisfying  the  condition  of 
Eq.  (8)  is 

8[/(a:,  j)  -  /thres,  :y)]step[4(a:,  y)] 

X  step[-4,(a:,  y)]J {x,  y)cb:dy,  (11) 

where  8(ti,  ^2)  is  the  two-dimensional  delta  function, 
step(A:)  is  the  unit  step  function,  and  J{x,y)  is  the 
Jacobian  for  the  mapping  of  [I{x,  y),  I^{x,  y)]  to  {x,  y). 

The  delta  function  in  Eq.  (11)  ensures  that  only 
points  that  satisfy  I  =  Zthres  and  /,  =  0  are  included  in 
the  calculation  of  Na-  The  first  step  function  en¬ 
sures  that  only  points  with  ^  >  0  are  counted;  the 
second  step  function  ensures  that  only  points  with 
<  0  are  counted.  The  Jacobian  is  included  to 
permit  integration  over  variables  other  than  the 
parameters  of  the  delta  function,  i.e.,  integration  over 
X  and  y  with  7  and  as  the  parameters  of  the  delta 
function. 

By  analogy  the  number  of  points  satisfying  condi¬ 
tions  (9)  is 


~  J  Js  ~  J')] 

X  step[7„(a:,  j)]J(a:,y)dh:dy.  (12) 

Using  Eqs.  (11)  and  (12)  and  substituting  them  into 
Eq.  (10)  yields 


N 


/ 


0,Iy,UdlyAI^ 


(13) 

where  p/y^/  (7thres,  0,  ly,  1„)  is  the  joint  PDF  between 
Tr,  ly,  and  4x.  Because  7  and  7,,  are  independent  of 
ly  and  7ii,  Eq.  ( 13)  can  be  rewritten  as 

N~  “‘^^{•^i^-4xl/=/thresand4=olP/4{-^thres,o).  (14) 

where 

E{a}  is  the  expected  value  of  a  and  7*  =  max(0,  ly). 

The  approach  taken  by  Kragh  was  to  take  the  expecta¬ 
tion  of  Eq.  (14)  with  the  chi-squared  PDF  for  the  joint 
PDF  and  then  to  perform  a  transformation  of  vari¬ 
ables  to  3deld  the  solution  for  a  gamma  PDF; 

'rrr(M) 

X  (2M7,hres/7  -  2M  +  l)exp[-M7,hres/ j].  (15) 

The  parameters  and  can  be  expressed  in  terms 
of  the  second  moments,  and  /^y,  of  the  power 
spectral  density  of  the  random  electric  field  normal¬ 


ized  by  the  variance  of  the  electric  field,  Wy); 

=  /Jj/m),  \yy  =  /yy{l/m),  (16) 

where 


/. 


A+oo 

■  L 1.  “ 


:s(a)j,  coJdcoj-daj, 


y> 


OiyS((t>„  OJy)d(0;cdWy.  (l7) 


Using  Eqs.  (3),  (6),  (15),  and  (16),  one  obtains  the 
following  theoretical  model  for  the  average  speckle 
size  as  a  function  of  intensity  threshold  level: 

-  TT  exp[M(7th^/7)MM, 

(/«/3.)'''^[M(7th„3/7)f -i[2M(7th„3/7)  -  2M  +  1] ' 

(18) 

The  average  speckle  size  is  thus  a  funtion  of  four 
parameters:  lilies/ ^ I  the  shaping  constant  of  the 
gamma  PDF,  M;  the  second  moments  of  the  normal¬ 
ized  power  spectral  density  of  the  field,  and  /^y. 

Experimental  Measurements 

Exhaustive  experimental  measurements  of  speckle 
data  were  recorded  from  a  variety  of  target  shapes, 
sizes,  and  textures  with  different  fflumination  configu¬ 
rations  (converging,  diver^ng,  or  collimated),  wave¬ 
lengths,  and  states  of  polarization. 

Laboratory  Speckle  Data  Acquisition 

Figure  5  shows  a  schematic  diagram  of  the  optical 
setup  used  for  the  collection  of  speckle  data  with 
visible  illumination  on  the  target.  For  these  experi¬ 
ments  a  helium— neon  tunable  laser  was  used  as  the 
hght  source.  Red,  orange,  yellow,  and  green  wave¬ 
lengths  were  available  with  this  laser,  although  most 
of  the  experiments  were  conducted  with  the  red 
(632.8-nm)  wavelength.  After  the  polarized  beam 
exits  the  laser,  it  is  directed  into  a  40x  microscope 
objective  for  beam  expansion  and  a  5-|j,m  pinhole  for 


40X  lAlcroscope  ColUmatlng  lens  B41rror 


tion. 
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optical  spatial  filtering.  The  collimating  lens  is 
mounted  on  a  translation  stage,  making  it  possible  to 
work  with  a  collimated  beam  or  to  use  converging  or 
diverging  illumination.  The  beam  is  reflected  froin  a 
mirror  and  directed  onto  the  target.  The  size  of  the 
beam  striking  the  target  is  controlled  by  an  iris 
diaphragm  placed  between  the  mirror  and  the  target. 
A  linear  polarizer  is  placed  in  front  of  the  camera  to 
ensure  that  any  depolarization  effects  caused  by 
scattering  from  the  target  are  eliminated  from  the 


speckle  data.  ,  ,  ,  . 

A  scientific-grade  charge-coupled-device  (CCD)  c^- 
era  was  used  because  of  its  low  noise,  high  linearity, 
and  high  dynamic  range.  The  CCD  imager  contains 
384  X  576  pixels  that  are  23  |xm  x  23  p.m  in  size. 
When  a  newly  acquired  image  is  digitized,  the  analog- 
to-digital  converter  assigns  an  intensity  value  (gray 
level)  proportional  to  the  number  of  electrons  stored 
in  each  pixel  in  the  range  of  0  to  4096  (12-bit 
precision).  The  controller  operates  the  camera  head 
and  contains  the  power  supplies,  slow  scan  electron¬ 
ics  and  image  random-access  memory,  which  is  used 
to ’digitize  and  temporarily  store  an  image.  The 
liquid  circulation  unit  thermoelectrically  cools  the 
camera  head,  which  reduces  the  dark  current.  The 
video  monitor  displays  each  image  using  256  gray 
levels.  The  CCD  camera  system  is  operated  through 
an  IEEE-488  interface  with  a  dedicated  personal 
computer,  and  appropriate  image-processing  soft¬ 
ware  is  used  to  manipulate  the  data.  Figure  2(a) 
illustrates  a  typical  digitized  speckle  image,  which 


constitutes  the  raw  data. 

Extreme  care  was  taken  to  isolate  the  camera  and 
the  laser  path  from  the  possibility  of  stray  light  noise 
contributions  to  the  speckle  image.  Obviously  any 
motion  of  the  speckle  pattern  caused  by  mechanical 
vibrations  or  air  turbulence  during  an  observation 
period  would  degrade  the  integrity  of  the  measure¬ 
ments.  Accordingly  the  entire  optical  assembly  is 
mounted  on  a  Newport  vibration-isolated  opticd  table, 
and  the  speckle  path  is  protected  by  an  antiturbu¬ 
lence  tunnel.  .  J-  XU 

Another  important  consideration  in  recording  the 
speckle  data  is  the  speckle  size  on  the  CCD  array. 
The  speckles  must  be  large  compared  with  the  pixel 
size  so  that  the  speckle  intensity  variations  can  be 
resolved.  Approximately  7  to  10  pixels  spanning  the 
diameter  of  a  speckle  (50-100  pixels/speckle)  pro¬ 
vides  sufficient  sampling  and  still  permits  well  over 
1500  speckles  to  be  recorded  in  a  single  frame  with 
the  CCD  camera.  A  large  number  of  speckles  in  each 
image  sample  is  necessary  for  meaningful  statistical 
evaluation.  We  accomplished  these  sampling  condi¬ 
tions  by  choosing  a  distance  to  the  target  (L)  of  ~ 
m  and  by  choosing  the  diameter  [D )  of  the  illuminated 
region  on  the  target  to  be  ~  5.5  mm. 


Measurement  of  Statistical  Parameters  for 
Theoretical  Model 

The  parameters  contained  in  the  theoretical  model 
expressed  by  Eq.  (18)  were  determined  from  experi¬ 


mentally  measured  intensity  speckle  data.  The  mean 
(7)  and  the  variance  (o; )  of  the  intensity  variations  ^e 
readily  calculated  from  the  raw  speckle  data.  We 
can  find  the  value  of  the  shaping  constant  M  by  taking 
the  expected  value  of  7^  with  the  PDF  defined  by  Eq. 
(5)  (Ref.  3): 

M  =  (lf/oj,  crJ={P)-{m  (19) 

The  parameters  /rx  ^nd  / yy  used  in  Eq.  (18)  are  the 
second  moments  of  the  normalized  PSD  of  the  ran¬ 
dom  field  producing  the  speckle.  Because  det^tors 
of  optical  radiation  respond  not  to  field  strength  but 
rather  to  optical  power  or  intensity,  the  measured 
speckle  data  is  in  terms  of  intensity.  Siegert  s  re  a- 
tion  makes  it  possible  to  determine  the  autocorrela¬ 
tion  of  the  electric  field  from  that  of  the  intensity  . 

Siegert’s  relation  is  a  direct  consequence  of  the  many 
statistically  independent  contributions  to  the  field  at 
a  point  in  space  due  to  scattering  from  a  rough 
surface.  Equation  (20 )  relates  the  autocorrelation  of 
the  electric  field  to  ^e  autocovariance  function, 
c(x,y)  =  -  (^)^  of  the  intensity  speckle 

pattern  Hence  we  can  obtain  the  autocorrelation 
function  of  the  field  by  multiplying  the  square  root  of 
the  normalized  autocovariance  function  by  the 
intensity  and  dividing  by  the  square  root  of  the  FUr 
shaping  constant: 

«£(*,>) (21) 

Because  the  variance  of  the  field  is  equal  to  the  mean 
intensity, 

a|  =  (Fy  -  (Ef  =  7,  E  =  0,  (22) 

we  can  write 

91s(x,y)/4  =  [cA>^)/oyi'''V(M)^-^^-  (23) 

The  Wiener-Khintchine  theorem^  (also  known  as 
the  autocorrelation  theorem'®)  states  that  the  PSD  of 
a  signal  and  its  autocorrelation  function  9i£(x,y) 
constitute  a  Fourier-transform  pair: 


Hence 


Figure  6  schematically  illustrates  the  relationship 
between  the  measurable  speckle  intensity  data  and 
the  normalized  PSD  of  the  random  electromagnetic 
field  producing  the  speckle. 

We  obtain  the  parameters  of  interest,  /„  and  /„, 
by  calculating  the  second  moments  of  the  normalized 
PSD  of  the  field,  s(w^,  Wv)-  However,  the  second- 
moment  theorem  of  Fourier-transform  theory'®  states 
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Fig.  6.  Illustration  of  th©  relationship  between  the  measurable 
speckle  intensity  data  and  the  normalized  PSD  function  of  the 
field. 


that  if  f{x,y)  and  F(coa.,  coy)  are  a  Fourier-transfomi 
pair,  then 

1  f* 

0)  =  j  (u^(a)^,  a)y)da)^da)y,.  (26) 

Hence  the  second  moment  of  a  function  F((i)^,  Oy)  can 
be  obtained  from  the  curvature  (second  derivative)  of 
its  Fourier  transform  evaluated  at  zero.  This  per> 
mits  us  to  calculate  / and  /yy  by  taking  the  second 
derivative  of  SR£(:c,  y)  evaluated  at  zero. 

We  obtained  this  peak  curvature  by  using  a  para¬ 
bolic  fit  to  the  peak  data  point  and  its  nearest 
neighbor,  as  indicated  in  the  inset  of  Fig.  7,  The 
accuracy  of  this  technique  clearly  depends  on  the 
sampling  density. 

The  percent  error  plotted  against  density  illus¬ 
trated  in  Fig.  7  was  prepared  by  comparison  of  the 
result  of  the  above  technique  to  the  exact  analytic 
solution  for  a  Gaussian  autocorrelation  function. 
A  samphng  density  of  12  samples/speckle  results  in 
an  error  of  1%,  8  samples/ speckle  yields  a  value  for 
the  curvature  that  is  accurate  to  --  2%,  and  a  10% 
error  results  if  only  3  samples / speckle  are  used. 


Samp/ es/ Speckle 


Fig.  7.  Calibration  curve  for  curvature  calculation;  better  than 
2%  accuracy  is  indicated  for  sampling  densities  exceeding  8 
samples/ speckle. 


The  above  graph  can  be  used  not  only  as  an 
indication  of  the  accuracy  of  the  calculation  of  the 
desired  second  moments,  and  /yy,  but  also  as  a 
calibration  cui*ve  from  which  a  correction  factor  can 
be  applied  to  the  calculated  values. 


Direct  Measurement  of  Average  Speckle  Size 

An  image-processing  computer  program  was  devel¬ 
oped  to  calculate  the  total  area  and  number  of 
speckles  at  each  threshold  level  from  the  experimen¬ 
tally  measured  and  digitized  speckle  data  recorded  by 
the  CCD  camera.  The  digitized  data  are  first  scanned 
to  find  the  highest  and  the  lowest  intensity  values 
recorded.  The  threshold  level  is  then  sequentially 
increased  from  the  lowest  to  the  highest  recorded 
intensity  values.  At  each  threshold  level  all  speckles 
are  identified  and  counted,  and  the  total  speckle  area 
is  calculated.  The  average  speckle  size  and  the  asso¬ 
ciated  threshold  level  are  then  stored.  The  thresh¬ 
old  level  is  then  increased,  and  the  procedure  is 
repeated. 

The  speckle  identification  process  involves  determi¬ 
nation  of  the  connectivity  between  pixels  to  establish 
boundaries.  The  concept  of  4-connectivity  was  used 
to  minimize  ambiguities  and  to  identify  U-shaped  and 
doughnut-shaped  speckles^®  accurately. 

As  a  test  case  to  check  this  algorithm  for  accuracy,  a 
512  X  512  pixel  field  of  four  deterministic,  pyramid- 
shaped  speckles  whose  area  decreased  quadratically 
with  increasing  threshold  level  was  numerically 
formed  with  intensity  values  in  the  range  of  zero  to 
255.  The  average  speckle  size  as  a  function  of 
threshold  level  was  then  calculated  and  compared 
with  the  analytically  determined  values.  Excellent 
agreement  was  obtained. 


Comparison  of  Experimental  Measurements  with  Theory 

In  order  to  determine  the  degree  and  the  range  of 
validity  of  the  theoretical  model  developed  in  Ref.  12 
and  summarized  by  Eq,  (18),  we  present  a  direct 
comparison  of  theoretical  predictions  and  experimen¬ 
tal  measurements  for  speckle  patterns  produced  un¬ 
der  three  distinctly  different  conditions. 

The  first  speckle  pattern  investigated  was  produced 
by  illumination  of  a  circular  region  on  a  sandblasted 
aluminum  target  with  coherent  radiation  from  a 
helium-neon  laser.  The  size  of  the  illuminated  area 
{D)  and  the  distance  (L)  to  the  observation  plane  was 
adjusted  to  produce  a  7—10  samples/speckle  diameter 
according  to  Eq.  (1).  Fi^re  8  illustrates  a  profile  of 
the  normalized  autocovariance  function  of  the  speckle 
pattern  in  both  the  horizontal  and  the  vertical  direc¬ 
tions.  They  are  virtually  identical,  indicating  an 
isotropic  speckle  pattern,  as  expected  from  a  rotation- 
ally  symmetric  target.  The  peak  curvature  of  this 
normalized  autocovariance  function  results  in  calcu¬ 
lated  second  moments  of  /^  =  /^  =  71.65,  If  we 
take  the  full  width  of  the  autocovariance  function  to 
be  twice  the  average  speckle  diameter,  our  measured 
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Fig.  8.  Horizontal  and  vertical  profiles  of  the  normalized  autoco¬ 
variance  function  of  the  intensity  speckle  pattern  produced  by 
illumination  of  a  circular  region  on  a  sandblasted  region  of  an 
aluminum  target. 


speckle  size  is  consistent  with  Eq.  (1),  and  the  sam¬ 
pling  density  of  7  samples/speckle  diameter  results  in 
a  correction  factor  of  2.8%  from  Fig.  7.  This  yields  a 
corrected  value  of  “  74.45,  used  in  Eq.  (18). 

The  normalized  PDF  was  also  calculated  from  the 
digitized  intensity  data  and  is  illustrated  in  Fig.  9 
along  with  a  truncated  section  of  the  recorded  speckle 
pattern.  The  departure  of  this  measured  PDF  from 
the  negative  exponential  curve  (Af  =  1)  was  caused  by 
a  variety  of  measurement  error  sources  because  the 
conditions  of  the  target  were  such  that  a  negative 
exponential  PDF  should  have  resulted. 

Specific  error  sources  that  may  have  contributed  to 
the  departure  of  the  measured  PDF  from  the  ideal 
negative  exponential  curve  include  the  following: 
the  finite  pixel  size  of  the  CCD  camera,  the  camera 
detector  dark  current  and  amplifier  noise,  back¬ 
ground  radiation,  polarization  effects,  spatial  averag¬ 
ing  of  the  speckle  pattern  caused  by  vibration  during 
the  exposure  time,  turbulence  effects  in  the  beam 
path  during  the  exposure  time,  and  finite  linewidth  of 
the  laser  beam.  If  these  effects  are  assumed  to 
constitute  additive  noise 

■^measured j  •fspeckle(^j  JX)  -^noise  ix.y).  (27) 

we  can  use  the  fact  that  the  PDF  of  the  sum  of  two 
statistically  independent  random  variables  is  equal  to 
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Fig.  9.  Truncated  section  of  the  recorded  speckle  pattern  illus¬ 
trated  along  with  the  measured  PDF  compared  with  an  ideal 
negative  exponential  and  the  predicted  PDF  in  the  presence  of 
error  sources  characterized  by  Eq.  (29). 


the  convolution  of  the  two  individual  PDF’s^^: 

=  (28) 

Because  there  are  many  independent  contributing 
error  sources,  the  PDF  of  the  noise  can  be  thought  of 
as  the  convolution  of  the  PDF’s  of  the  individual 
error  sources.  The  central-limit  theorem  thus  dic¬ 
tates  that  the  composite  noise  PDF  will  approximate 
a  Gaussian  function.  We  determined  the  specific 
Gaussian  parameters  characterizing  the  composite 
noise  PDF  by  empirically  fitting  the  convolution  of  a 
Gaussian  function  with  the  ideal  negative  exponen¬ 
tial  PDF  to  the  PDF  of  the  experimentally  measured 
speckle  intensity  data,  as  illustrated  in  Fig.  9: 

=  (l/6)exp[— r7(x  -  Xo)/bf, 

b  =  0.147,  xo  =  b.  (29) 

This  set  of  measured  intensity  data  yielded  a  value 
of  1.36  for  M  =  {If/crj,  as  calculated  from  Eq.  (19). 
However,  this  quantity  should  be  thought  of  as  only 
the  ratio  of  the  mean-square  intensity  to  the  variance 
of  the  intensity  data,  not  as  a  PDF  shaping  constant 
(i.e.,  because  the  PDF  is  no  longer  a  gamma  distribu¬ 
tion,  a  given  value  for  M  does  not  determine  a  unique 
PDF  shape). 

Figure  10  shows  a  comparison  of  the  average 
speckle  area  as  a  function  of  intensity  threshold  level, 
as  theoretically  predicted  from  Eq.  (18),  compared 
with  the  experimental  measurements  for  this  isotro¬ 
pic  speckle  pattern.  There  is  excellent  agreement 
for  intensity  threshold  levels  greater  than  roughly 
twice  the  mean  intensity,  with  increasing  departure 
between  theory  and  experiment  as  the  threshold  level 
is  decreased. 

The  error  bars  associated  with  the  experimentally 
measured  data  points  indicate  the  range  of  values 
obtained  from  five  independent  realizations  of  the 
speckle  pattern  produced  from  this  target.  We  mea¬ 
sured  these  independent  realizations  by  illuminating 
different  uncorrelated  areas  on  the  target. 

We  produced  a  second  (nonisotropic)  speckle  pat- 


Fig.  10.  Comparison  of  theoretical  predictions  of  average  speckle 
size  as  a  function  of  threshold  level  with  experimental  measure¬ 
ments  for  an  isotropic  speckle  pattern. 
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Fig.  11.  Vertical  and  horizontal  autocovariance  function  profiles 
for  a  speckle  pattern  produced  by  illumination  of  a  rectangular 
target. 


Fig.  13.  Comparison  of  theoretical  predictions  of  average  speckle 
size  as  a  function  of  threshold  level  with  experimental  measure¬ 
ments  for  a  nonisotropic  speckle  pattern. 


tern  by  illuminating  a  sandblasted  aluminum  rectan¬ 
gular  target  with  a  2-to-l  aspect  ratio.  The  ratio  of 
the  widths  of  the  autocovariance-function  profiles 
illustrated  in  Fig.  11  are  approximately  equal  to  the 
reciprocal  of  the  aspect  ratio  of  the  rectangular 
target,  as  expected.  For  this  target  the  second  mo¬ 
ments  as  determined  by  the  peak  curvature  of  the 
autocovariance  function  in  the  x  and  y  directions  are 
given  by 

/„  =  68.12  -h  1.91%  =  69.42, 

/„.  =  203.36  4.24%  =  211.98.  (30) 

The  correction  factor  obtained  from  the  calibration 
curve  in  Fig.  7  is  substantially  greater  in  the  y 
direction,  in  which  the  speckles  are  elongated.  This 
is  obviously  because  of  the  lower  sampling  density. 

The  asymmetrical  speckles  that  resulted  from  this 
rectangular  target  are  evident  in  Fig.  12,  along  with 
the  normalized  PDF,  which  is  again  in  excellent 
agreement  with  the  convolution  of  a  negative  exponen¬ 
tial  speckle  PDF  with  the  Gaussian  function  de¬ 
scribed  by  Eq.  (29)  as  the  composite  PDF  of  all 
measurement  errors  associated  with  the  experiment. 

This  set  of  measured  intensity  data  yielded  a  value 
of  1.32  for  M  =  (/)-  o-/,  as  calculated  from  Eq.  (19). 
Again,  this  quantity  should  not  be  thought  of  as  a 
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Fig.  12.  Truncated  section  of  the  recorded  (nonisotropicl  speckle 
pattern  illustrated  along  with  the  normalized  PDF  compared  with 
the  PDF  predicted  in  the  presence  of  error  sources  characterized  by 
Eq.(19). 


PDF  shaping  constant,  but  only  as  the  ratio  of  the 
mean-square  intensity  to  the  variance  of  the  intensity 
speckle  data. 

Figure  13  shows  the  comparison  of  the  average 
speckle  area  as  a  function  of  the  intensity  threshold 
level  as  theoretically  predicted  from  Eq.  (18)  com¬ 
pared  with  the  experimental  measurements  for  this 
nonisotropic  speeWe  pattern.  Once  again,  there  is 
excellent  agreement  for  intensity  threshold  levels 
greater  than  roughly  twice  the  mean  intensity,  with 
increasing  departure  between  the  theory  and  experi¬ 
ment  as  the  threshold  level  is  decreased. 

The  previous  speckle  patterns  were  produced  with 
a  linearly  polarized  laser  beam  illuminating  the  tar¬ 
get  and  a  linear  polarizer  placed  in  front  of  the  CCD 
camera  to  correct  for  any  depolarization  caused  by 
the  scattering  process.  Speckle  patterns  character¬ 
ized  by  a  PDF  shaping  constant  near  unity  were  thus 
produced.  Speckle  patterns  exhibiting  larger  values 
of  M  were  then  produced  by  placing  a  X/ 4  wave  plate 
in  the  incident  beam  to  create  elliptically  polarized 
light  with  varying  degrees  of  ellipticity. 

The  third  test  case  presented  here  was  a  speckle 
pattern  produced  by  illumination  of  a  circular  region 
on  a  sandblasted  aluminum  target  with  circularly 
polarized  laser  light.  The  resulting  speckle  pattern 
is  the  incoherent  sum  of  two  orthogonally  polarized 
speckle  patterns,  and,  as  for  the  case  of  unpolarized 
light,  a  shaping  constant  of  M  =  2  is  thus  expected.^ 

Figure  14  illustrates  a  profile  of  the  normalized 
autocovariance  function  of  the  speckle  pattern.  The 
peak  curvature  of  this  normalized  autocovariance 
function  results  in  calculated  second  moments  of 
/„  =  /„  =  53.7.  The  width  of  the  normalized 
autocovariance  function  is  ~  20  pixels,  from  which  a 
correction  factor  of  1.55%  is  obtained  from  the  calibra¬ 
tion  curve  in  Fig.  7.  This  yields  a  corrected  total 
value  of  (/„/'vv)^'“  =  54.53,  used  in  Eq.  (18)  for  this 
target. 

The  normalized  PDF  was  calculated  from  the  digi¬ 
tized  intensity  data  and  is  presented  in  Fig.  15  along 
with  the  ideal  gamma  distribution  with  a  PDF  shap¬ 
ing  constant  of  M  =  2  and  the  predicted  curve  based 
on  the  previously  determined  measurement  errors. 
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Fig  14.  Normalized  autocovariance  function  from  which  the 
second  moment  is  determined. 

Because  both  orthogonally  polarized  components  of 
the  speckle  pattern  are  corrupted  independently  by 
the  noise  PDF,  this  predicted  PDF  is  the  convolution 
of  the  ideal  PDF  with  a  Gaussian  function  (2)^/^  times 
wider  than  that  expressed  by  Eq.  (29). 

Figure  16  shows  the  average  speckle  area  as  a 
function  of  intensity  threshold  level  as  theoretically 
predicted  from  Eq.  (18)  compared  with  the  experimen¬ 
tal  measurements  for  this  speckle  pattern  produced 
with  circularly  polarized  light.  The  mean-square-to- 
variance  ratio  of  the  experimentally  measured  inten¬ 
sity  speckle  data  was  M  =  2.2.  Again  we  have 
excellent  agreement  for  intensity  threshold  levels 
greater  than  roughly  twice  the  mean  intensity;  how¬ 
ever,  for  this  circularly  polarized  illumination  the 
departure  between  the  theoretical  predictions  and  the 
experimental  results  increases  much  more  rapidly  as 
the  threshold  level  is  decreased. 

Discussion  of  Resuits  and  Conclusions 

In  all  three  cases  for  which  detailed  comparisons  were 
made  the  theoretical  curve  asymptotically  approached 
the  experimental  curve  at  high  threshold  levels; 
however,  significant  departures  occurred  in  the  com¬ 
parison  at  the  low-intensity  threshold  levels.  Excel¬ 
lent  agreement  between  theory  and  experiment  is 
observed  for  intensity  threshold  levels  greater  than 
~  2.0  times  the  mean  intensity. 


Fig.  15.  Truncated  section  of  the  recorded  (circularly  polarized) 
speckle  pattern  illustrated  along  with  the  normalized  PDF  com¬ 
pared  with  a  shaping  constant  of  M  =  2  and  the  prediction  based  on 
the  known  measurement  noise  PDF. 
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Fig.  16.  Comparison  of  the  theoretical  prediction  of  average 
speckle  size  as  a  function  of  the  threshold  level  with  experimental 
measurements  for  this  speckle  pattern. 

An  examination  of  the  initial  approximations  and 
assumptions  that  were  made  in  the  development  of 
the  theoretical  model  and  an  investigation  of  the 
nature  of  the  speckle  pattern  at  low  threshold  levels 
helps  to  explain  the  departure  between  the  theoreti¬ 
cal  and  experimental  curves.  The  assumption  of 
spatially  ergodic  speckle  data  is  probably  quite  accu¬ 
rate'  although  we  have  seen  that  the  assumption  of  a 
gamma-distributed  intensity  PDF  is  not  strictly  valid 
b6caus6  of  3.  varioty  of  moasurGmont  Grror  sourcGS. 
It  is  not  cloar  that  thG  GffGct  of  this  assumption  variGS 
significantly  with  threshold  level.  However,  we  will 
see  that  the  assumption  of  simply  connected  speckles 
and  the  approximation  of  Eq.  (2)  as  given  in  Eq.  (3) 
are  not  valid  at  the  lower  threshold  levels. 

Figure  17  illustrates  speckle  data  at  four  different 
threshold  levels  for  the  first  speckle  pattern  investi¬ 
gated.  Figure  17(a)  clearly  exhibits  speckles  that  are 
not  simply  connected  (i.e.,  some  doughnut  holes  are 
observed).  The  simply  connected  assumption  is 
therefor  not  valid  at  low  threshold  levels;  however, 
these  occurrences  do  not  seem  prevalent  enough  to 
explain  the  departure  between  the  two  curves.  Of 
more  significance  is  the  nature  of  the  highlighted 
speckle  in  Fig.  17(a).  As  the  threshold  level  is  re- 


Fig.  17.  Speckle  pattern  illustrated  atjour  different  threshold 
levels:  (a!  Jii,  =  1.  (bl  hh  =  21,  (c)  7th  =  37.  (d)  7th  —  47. 
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duced,  the  speckles  begin  to  coagulate.  A  small 
decrease  in  the  threshold  may  therefore  result  in  a 
small  increase  in  the  total  speckle  area  but  a  drastic 
change  the  number  of  speckles  present.  For  ex¬ 
ample,  at  a  slightly  higher  threshold  the  total  speckle 
area  may  change  only  slightly,  but  the  highlighted 
speckle  may  become  five,  six,  or  even  more  speckles 
instead  of  one.  Thus  the  approximation  of  Eq.  (2) 
given  by  Eq.  (3)  is  clearly  not  valid  at  the  lower 
intensity  threshold  levels.  This  effect  is  undoubt¬ 
edly  the  main  contributor  for  the  departure  between 
the  theoretical  curve  and  the  experimental  data  at  the 
low  threshold  levels. 

As  a  verification  that  invalid  assumptions  in  the 
theoretical  model  rather  than  experimental  measure¬ 
ment  errors  are  responsible  for  the  departure  in  the 
data  at  low  threshold  levels,  we  produced  an  ideal 
computer-generated  speckle  pattern  by  permitting 
uncorrelated  random  phase  errors  (uniformly  distrib¬ 
uted  from  --  to  -r-)  to  propagate  to  the  far  field.  This 
ideal  speckle  pattern  was  subjected  to  the  same 
image-processing  computer  program  developed  to 
calculate  the  total  area  and  number  of  speckles  at 
each  threshold  level  from  the  experimentally  mea¬ 
sured  speckle  patterns.  Figure  18  illustrates  the 
normalized  autocovariance  function  and  the  normal- 
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Fig.  18.  fa)  Speckle-pattern  normalized  autocovariance  function, 
(b)  normalized  PDF  for  computer-generated  speckle. 


Fig.  19.  Comparison  of  the  theoretical  prediction  with  actual  data 
on  computer-generated  speckle. 


ized  PDF  for  this  ideal  computer-generated  speckle 
pattern.  Note  that  the  PDF  is  a  nearly  perfect 
negative  exponential  curve  and  does  not  exhibit  the 
roll-over  at  the  low-intensity  levels  that  was  observed 
for  all  of  the  experimentally  measured  speckle  pat¬ 
terns. 

In  spite  of  the  ideal  statistics  of  the  computer¬ 
generated  speckle  pattern,  the  measured  average 
speckle  size  versus  intensity  threshold  level  still 
departs  significantly  from  predictions  of  the  theoreti¬ 
cal  model  at  the  low-intensity  threshold  levels. 
Figure  19  illustrates  this  familiar  behavior  and  veri¬ 
fies  that  the  assumptions  in  the  theoretical  model  are 
indeed  invalid  at  low  threshold  levels.  Generalizing 
the  theoretical  model  to  expand  its  range  of  validity 
will  be  the  subject  of  later  study. 
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ABSTRACT 

Speckle  is  inherently  an  interference  phenomenon  produced  when  a  rough  object  or 
turbulent  medium  introduces  some  degree  of  randomness  to  a  reflected  or  transmitted 
electromagnetic  field.  Speckle  characteristics  are  therefore  a  major  concern  in  many  laser 
imaging  or  wave  propagation  applications.  For  many  applications,  a  detailed  description  o 
sneckle  size  as  a  function  of  intensity  threshold  level  is  desirable.  Extensive  experimental 
rneasurements  of  average  speckle  size  as  a  function  of  intensity  threshold  level  were  therefore 
made  for  several  different  targets  and  illumination  conditions.  We  then  compare  these 
measurements  with  a  theoretical  model  for  excursion  areas  of  speckle  intensity.  Excellent 
agreement  is  obtained  for  intensity  threshold  levels  greater  than  approximately  twice  the 
mean  intensity  level. 


1.  INTRODUCTION 

Speckle  arises  when  the  field  associated  with  a  monochromatic  electromagneUc  wave  can  be 
regarded  as  resulting  from  the  sum  of  many  independent  and  randomly  phased  contributions. 
Interference  between  the  various  contributions  produces  large  amplitude  and  phase  variations 
resulting  in  a  speckled  intensity  distribution.  Essentially  a  basic  noise  phenomenon,  speckle  limits 
the  working  resolution  of  coherent  systems  in  acoustics,  microwave  and  infrared  technology,  and 
visible  optics  ^  The  spatial  and  temporal  characteristics  of  the  speckle  pattern  will  depend  upon 
the  size,  shape,  material,  texture,  and  motion  of  the  illuminated  target  as  well  as  the  wavelength. 
Spectral  bandwidth,  arid  state  of  polarization  of  the  illuminating  radiation. 

Coherent  laser  radar  return  signatures  consist  of  a  random  speckle  pattern  at  the  receiver. 
Speckle  effects,  whether  induced  by  target  surface  characteristics  or  atmospheric  turbuiei^e. 
routinely  cause  signal  fading  and  a  reduction  in  the  signal-to-noise  ratio  in  laser  radar  systems^ 
Coherent  laser  radar  array  receivers  (CLAR)  are  being  explored  in  an  effort  to  mitigate  these  ellects. 
Speckle  characteristics  affecting  ClAR  experiments  include;  mean  speckle  size,  mean  speckle 
strength  or  intensity,  mean  speckle  separation,  temporal  effects,  phase  statistics  of  the  receded 
electric  field,  and  polychromatic  effects. 

A  common  expression  for  the  minimum  speckle  diameter  (d)  due  to  free-space  propagation  is 
determined  by  the  illuminating  laser  wavelength  (/.).  the  distance  of  the  target  from  the  receiver  ). 


and  the  size  of  the  illuminated  region  on  the  target  (D) 

d  >  AL/D 


(1) 


However,  for  many  applications,  a  more  detailed  description  of  speckle  size  as  a  function  of 
intensity  threshold  level  is  desirable.  The  correlation  properties  of  thresholded  (or  clipped)  time- 
vaiydng ""laser  speckle  has  been  studied  in  detail.®' Figure  1(a)  shows  a  typical  speckle  pattern 
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produced  when  reflecting  laser  light  from  a  rough  surface.  A  three-dimensional  isometric  ploi  of  the 
intensity  speckle  pattern  illustrating  the  speckle  size  ai  a  panicular  irnenshy  ihreshold  level  is 
shown  schematically  in  Figure  1(b). 


Figure  1.  (a)  T\’'picaJ  speckle  pattern  produced  by  illuminating  a  rough  surface  with  laser  ligh; 
(b)  a  schematic  illustration  of  speckle  size  at  a  specific  intensity  ihreshold  level. 


2.  RE\TEW  OF  THEORETICAL  MODEL 

A  theoretical  investigation  entitled  Excursion  Areas  of  Iniensiiy  due  to  Random  Optical  Waves  was 

conducted  by  Frank  Kragh  in  a  Master's  thesis  at  the  University  of  Central  Florida  in  1990^  *.  He 
defines  the  expected  size  of  a  single  excursion  area  as 


4  =  (2) 

N 

where  Aioi  is  the  total  sampled  area  times  the  fraction  of  that  area  that  is  expected  to  have  an 

intensity  greater  than  the  threshold  intensity  level,  and  A  is  the  total  number  of  speckles  at  that 
threshold  level.  Figure  2(b)  is  a  schematic  representation  of  the  regions  where  the  intensity  has 
exceeded  a  given  threshold  level,  and  the  shaded  areas  are  the  excursion  areas  of  interest. 

Kragh’s  denvation  of  the  expected  number  of  excursion  areas  or  speckles  (.v)  al  a  panicular 
intensity  threshold  level  is  a  two-dimensional  analog  of  a  method  developed  bv  Middleton  for 

19 

counting  excursions  inier\^als  of  a  one-dimensional  function.  “  The  resulting  theoretical  model  for 
the  expected  area  of  a  single  excursion  area  for  a  Gamma  distrlbuied  intensity  is  given  by 


f  I,:  ^  ^  /.•  ‘ 

r  exp  M—  }  n  A/.  M—  j 

I  J  '  I  J 


I, 


,A/-:  . 


//  /  \  \ 

^  '-  \  J  ) 


2A/  —  ~  2M 


where 


(4) 


mm-y 


-1-00 


=  Jexp(-f)r^"’ 


dt 


is  an  incomplete  Gamma  functionis.  Ith  is  the  intensity  threshold  level.  I  Is  the  mean  intensity.  Mis 

the  intensity  nrobabiUty  density  function  (PDF)  shaping  constant^,  and  Ixx  and  are  the  second 
mom^nt^Ke  no^  power  spectral  density  (PSD)  function  of  the  random  field  producing  the 

speckle. 

'rh»  i<?  {Jeneral  and  applies  to  any  two-dimensional  gamma  distributed  process  The 

used  to  describe  the  intensity  in  coherent  optical  applicaUons  exhibiting  speckle  phenomena. 

in  order  to  accurately  count  the  excursion  areas  in  a  speckle  pattern.  Kragh’s  second  assumption 

be  valid  for  very  low  threshold  levels. 

A  third  assumption  was  that  the  expectation  of  the  ratio  of  the  total  speclde  area 
speckles  cS  b?aSroximated  by  the  ratio  of  the  expectation  of  the  total  speckle  area  to  the 

expectation  of  the  total  number  of  speckles. 


I  total  speckle  area  \  _  {total  speckle  area)  _  Aof. 
[total  number  of  speckles  }  {total  number  of  speckles)  N 


(5) 


The  above  relation  is  not  strictly  true  since  the  numerator  and  denominator  ^e 
HoJi^er  in  sphfS  t^e^^  this  approximation  is  reasonable  at  high  threshold 

kvels  Since  bo^th  the  number  of  speckles  and  the  total  speckle  area  decrease  at  a  similar  rate  as  the 
threshold  level  increases.  This  dependency  is  therefore  partially  cancelled  by  the  ratio. 


Finally,  the  variations  in  intensity  were 
if  all  information  about  its  joint  probability 
single  realization  of  the  random  field. 


assumed  to  be  spatially  ergodic.  A  random  field  is  ergodic 
distributions  (and  their  statistics)  can  be  obtained  from  a 


3.  EXPERIMENTAL  MEASUREMENTS 

collimated),  wavelengths,  and  states  of  polarization. 

3.1  Laboratory  Speckle  Data  Acquisition 

For  thpse  experiments  a  Helium-Neon  Tunable  Laser  was  used  as  the  light  ^urce.  Red.  orangt^ 

which  constitutes  the  raw  data. 
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Extreme  care  was  taken  to  Isolate  the  camera  and  laser  path  from  the  possibility  of  stray  light 
noise  contributions  to  the  speckle  image.  Obviously  any  motion  of  the  speckle  pattern,  caused  by 
mechanical  vibrations  or  air  turbulence,  during  an  observation  period  would  degrade  the  integrity  of 
the  measurements.  Accordingly,  the  entire  optical  assembly  is  mounted  on  a  Newport  vibration- 
isolated  optical  table,  and  the  speckle  path  is  protected  by  an  anti-turbulence  tunnel. 

Another  important  consideration  in  recording  the  speckle  data  is  the  speckle  size  on  the  CCD 
array.  The  speckles  must  be  large  compared  to  the  pixel  size  so  that  the  speckle  intensity  variations 
can  be  resolved.  Approximately  7  to  10  pixels  spanning  a  speckle  provides  sufficient  sampling,  and 
still  allows  well  over  1500  speckles  to  be  recorded  in  a  single  frame  with  the  CCD  camera.  Having  a 
large  number  of  speckles  in  each  image  sample  is  necessary  for  meaningful  statistical  evaluation. 
These  sampling  conditions  were  accomplished  by  choosmg  a  distance  to  target  (L)  of  about  1.5  meters, 
and  the  diameter  (D)  of  the  illuminated  region  on  the  target  to  be  approximately  5.5  millimeters. 


3.2  Measurement  of  Statistical  Parameters  for  Theoretical  Model 

The  parameters  contained  in  the  theoretical  model  expressed  by  Eq.  (3)  were  determined  from 

experimentally  measured  intensity  speckle  data.  The  mean  (7)  and  the  variance  (cr/)  of  the  intensity 
variations  are  readily  calculated  from  the  raw  speckle  data. 

The  equation  for  the  shaping  constant  M  can  be  found  from  the  following  expression  for  the  PDF 
of  a  gamma  distribution^ 


PiU)  = 


V  J 


M 


exp 


rM-\ 


-mIj 


T(M) 


for  1  >0 . 


(6) 


where 

oo 

r(M )  =  j  exp(-/)  (7) 

0 

is  a  gamma  function  of  order  M.  This  function  is  illustrated  graphically  for  several  different  values  of 
M  in  Figure  3. 

If  Eq.  (6)  is  multiplied  by  /".  then  integrated  from  zero  to  infinity,  the  result  is  the  mean  square 
intensity.  expressed  eis  a  function  of  M .  This  equation  can  then  be  inverted  to  yield 


,  .  _  1  ,  0  1  -'y 

M - ,  where  O'/"  =/" -/“ 


(8) 


Note  that  for  M  =1.  the  variance  is  equal  to  the  mean  intensity,  and  the  PDF  is  a  negative 
exponential  function  as  illustrated  in  Figure  2.  This  behavior  is  characteristic  of  fully  developed 
speckle  which  results  when  an  electromagnetic  wave  is  reflected  from  a  surface  whose  roughness  is 
lau’ge  compared  to  the  wavelength  of  the  incident  radiation  (and  the  extent  of  the  Incident  wave  spans 
many  correlation  widths  of  the  surface  irregularities).^^ 
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Figure  2.  The  gamma  probability  distribution  function  plotted  for  several  values  of  M  • 


The  parameters  Ixx  and  tyy  used  in  Eq.(3)  are  the  second  moments  of  the  normalized  PSD  of  the 
random  Jield  producing  the  speckle  and  are  defined  as 

oo 

£yy=  \r\-S{l,T\)d^dT],  .  O) 

— o© 

where 

S(q,T|)  is  the  PSD  of  the  random  field  producing  the  speckle  and  is  the  variance  of  that  random 
field. 

Since  detectors  of  optical  radiation  respond  not  to  field  strength,  but  rather  to  optical  power  or 
intensity  the  speckle  data  measured  in  the  laboratory  is  measured  in  terms  of  intensity.  Fortunately, 
the  following  equation,  known  as  Siegerfs  relation,  makes  it  possible  to  determine  certain  properties 
of  the  field  from  intensity  information! ^ 


(x.y)  is  the  autocorrelation  function  of  the  random  field  and  9v/(.v,y)  is  the  autocorrelation 
function  of  the  intensitv  speckle  pattern.  Siegerfs  relation  is  a  direct  consequence  of  the  many 
statistically  independent  contributions  to  the  field  at  a  point  in  space  due  to  scattenng  from  a  rougn 
surface. 
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But  is  just  the  autocovariance  function.  CU.y).  of  the  intensity  speckle  pattern. 

Hence,  the  autocorrelation  function  of  the  field  is  obtained  by  multiplying  the  square  root  of  the 
normalized  autocovariance  function  by  the  mean  intensity  and  dividing  by  the  square  root  of  the  PDF 
shaping  constant 


=  !^C,(x,y)/cT,^  /^[M.  (12) 

or.  since  the  variance  of  the  field  is  equal  to  the  meem  intensity, 

(7/=F-£“=7,  E=0  (13) 

we  can  write 

=  ^C,{x,y)lGi'  14m  .  (i4) 

The  Wiener-Khintchine  theorem®  (also  known  as  the  autocorrelation  theorem  ^^)  states  that  the 
PSD  S(<^,T?)  of  a  signal  and  its  autocorrelation  function  constitute  a  Fourier  transform  pair 

(15) 

Figure  3  schematically  illustrates  the  relationship  between  the  measurable  speckle  intensity  data 
and  the  normalized  PSD  of  the  random  electromagnetic  field  producing  the  speckle. 


FUNCTION 


s(y  =  sK)/aE^ 


OF  THE  FIELD  OF  THE  FIELD 

Figure  3.  Illustration  of  relationship  between  the  measurable  speckle 
intensity  data  and  the  normalized  PSD  function  of  the  field. 
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Finally  the  parameters  of  Interest,  txx  and  lyy,  can  be  obtained  by  calculating  the  second 
moments  of  the  normalized  PSD  of  the  field.  .  However,  the  second  moment  theorem  of  Fourier 

transform  theoiyl®  states  that,  if  f{x,y)  and  are  a  Fourier  transform  pair,  then 


1 

At:^ 


/"(0,0)=  F{q,r])  d^drf. 


(16) 


Hence,  the  second  moment  of  a  function  F(^,p).  can  be  obtained  from  the  curvature  (second  derivative) 
of  its  Fourier  transform  evaluated  at  zero.  This  allows  us  to  calculate  £xx  and  £yy  by  taking  t  e 

second  derivative  of  9^^(A-,y)  evaluated  at  zero. 


This  neak  curvature  was  obtained  by  using  a  parabolic  fit  to  the  peak  data  poiiit  and  its  nearest 
neighbor  as  indicated  in  the  inset  of  Figure  5.  The  accuracy  of  this  technique  clearly  depends  upon  the 

sampling  density. 

.S/ oT'Seire* 

a  1 0%  error  results  if  only  3  samples/ speckle  are  used. 
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The  above  graph  can  be  used  not  only  as  an  indicalion  of  the  accuracy  of  the  calculation  of  the 
desired  second  moments.  Ixx  and  .fyy;  but  as  a  calibration  curv'e  from  which  a  correction  factor  can 
be  applied  to  the  calculated  values. 

3.3  Direct  Measurement  of  Average  Speckle  Size 

An  image  processing  computer  program  was  developed  to  ceilculate  the  total  area  and  number  of 
speckles  at  each  threshold  level  from  the  experimentally  measured  and  digitized  speckle  data  recorded 
by  the  CCD  camera.  The  digitized  data  is  first  scanned  to  find  the  highest  and  lowest  intensity  values 
recorded.  The  threshold  level  is  then  sequentially  increased  from  the  lowest  to  the  highest  recorded 
intensity  values.  At  each  threshold  level  all  speckles  are  identified,  counted,  and  the  total  speckle 
area  calculated.  The  average  speckle  size  and  the  associated  threshold  level  is  then  stored.  The 
threshold  level  is  then  increased  and  the  procedure  repeated. 

The  speckle  identification  process  involves  determining  the  connectivity  between  pixels  to 
establish  boundaries.  The  concept  of  4-conn.ecLiviLy  was  used  to  minimize  ambiguities  and  accurately 
identify  U-shaped  and  doughnut-shaped  speckles. 

As  a  test  case  to  check  this  algorithm  for  accuracy,  a  512  X  512  pixel  field  of  four  deterministic, 
pyramid-shaped  speckles  whose  area  decreases  quadratically  with  increasing  threshold  level  was 
numerically  formed  with  intensity  values  ranging  from  zero  to  256.  The  average  speckle  size  as  a 
function  of  threshold  level  was  then  calculated  and  compared  to  the  anaMically  determined  values. 
Excellent  agreement  was  obtained. 


4.  COMPARISON  OF  EXPERIMENTAL  MEASUREMENTS  WITH  THEORY 

In  order  to  determine  the  degree  and  range  of  validity  of  the  theoretical  model  developed  in  Ref.  1 1 
and  summarized  by  Eq.  (3).  a  direct  comparison  of  theoretical  predictions  and  experimental 
measurements  will  be  presented  for  speckle  patterns  produced  under  three  distinctly  different 
conditions. 

The  first  speckle  pattern  investigated  was  produced  by  illuminating  a  circular  region  on  a 
sandblasted  aluminum  target  with  coherent  radiation  from  a  He-Ne  laser.  The  size  of  the  illuminated 
area  (D)  and  the  distance  (L)  to  the  obsen^ation  plane  was  adjusted  to  produce  6-10  samples/speckle 
according  to  Elq.  (1).  The  intensity  speckle  pattern  was  recorded  with  the  CCD  camera. 

The  profiles  of  the  normalized  autocovariance  function  of  the  speckle  pattern  in  both  the 
horizontal  and  vertical  directions  are  virtually  identical,  indicating  an  isotropic  speckle  pattern  as 
expected  from  a  rotationally  symmetric  target.  The  peak  cur\'ature  of  this  normalized  autocovariance 
function  results  in  calculated  2nd  moments  of  ixx  =  ^yy  -  71.65.  If  we  take  the  full-width  of  the 
autocovariance  function  to  be  twice  the  average  speckle  diameter,  our  measured  speckle  size  is 
consistent  with  Eq.(l).  and  the  sampling  density  of  7  samples/speckle  results  in  a  correction  factor  of 

2.8%  from  Figure  5.  This  yields  a  total  value  oi  i  =  '^yy  ~  74,45.  to  be  input  into  Elq.O). 

The  normalized  PDF  was  also  calculated  from  the  digitized  intensity  data  and  is  illustrated  in 
Figure  6  along  with  a  truncated  secbon  of  the  recorded  speckle  pattern.  The  departure  of  this  measured 
PDF  from  the  negative  exponential  cun'e  (M=l)  is  undoubtedly  due  to  a  variety  of  measurement  error 
sources  since  the  conditions  of  the  target  were  such  that  a  negative  exponential  PDF  should  have 
resulted. 

Specific  error  sources  which  may  have  contributed  to  the  departure  of  the  measured  PDF  from  the 
ideal  negative  exponential  cur\'e  include;  the  finite  pixel  size  of  the  CCD  camera,  the  camera  detector 
dark  current  and  amplifier  noise,  background  radiation,  polarization  effects,  spatial  averaging  of  the 
speckle  pattern  due  to  vibration  during  the  exposure  time,  turbulence  effects  in  the  beam  path  during 
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the  exposure  time,  finite  Une-width  of  the  laser  beam.  etc.  If  these  effects  are  assumed  to  constitute 
additive  noise 

imeasuredi^^y)  =  hpeckleix^}')  +  Inoise{^^y) 

we  can  use  the  fact  that  the  PDF  of  the  sum  of  two  staUstically  Independent  random  variables,  is  equal 
to  the  convolution  of  the  two  individual  PDFs.^'^ 


^  measured 


Pi., 


(18) 


Since  there  are  many  independent  contributing  error  sources,  the  PDF  of  the  noise  can  be  thought 
of  as  the  convolution  of  the  PDF's  of  the  individual  error  sources.  The  central  limit  theorem  thus 
dictates  that  the  composite  noise  PDF  will  approximate  a  Gaussian  function  The  specific  Gaussi^ 
parameters  characterizing  the  composite  noise  PDF  were  detemnned 

convolution  of  a  Gaussian  function  with  the  ideal  negative  exponential  PDF  to  the  PDF  ol  the 
experimentally  measured  speckle  intensity  data  as  illustrated  in  Figure  5. 


(/)  =  (!//?)  exp[-;rU- A' 6  =  0.141,  x„-b 


(19) 


This  set  of  measured  intensity  data  yielded  a  value  of  1.36  for  M  —  I  j (Jf  as  calculated  from  Eq. 
(8)  However  this  quantity  should  be  thought  of  only  as  the  ratio  of  the  mean  square  intensity  to  the 
variance  of  the  intensity  data  and  not  as  a  PDF  shaping  constant  (i.e..  since  the  PDF  is  no  longer  a 
Gamma  distribution,  a  given  value  for  M  does  not  determine  a  unique  PDF  shape). 


Figure  5.  A  truncated  section  of  the  recorded  speckle  pattern  is  illustrated  along 
v.ith  the  measured  PDF  compared  to  an  ideal  negative  exponential  and  the 
predicted  PDF  in  the  presence  of  error  sources  characterized  by  Eki(l9). 


as 


Figure  6  shows  a  comparison  of  the  average  speckle  area  as  a  function  of  intensity  threshold  level 
theoretically  predicted  from  Eq.  (3)  compared  to  the  experimental  measurements  for  this  isotropic 


SP;£  Vol.  2222  I  493 


speckle  pattern.  Note  that  there  is  excellent  agreement  for  Intensity  threshold  levels  greater  than 
about  twice  the  mean  intensity,  with  increasing  departure  between  the  theory  and  experiment  as  the 
threshold  level  is  decreased. 

The  error  bars  associated  with  the  experimentally  measured  data  points  indicate  the  range  of 
values  obtained  from  five  (5)  independent  realizations  of  the  speckle  pattern  produced  from  this 
target.  These  independent  realizations  were  measured  by  illuminating  different  uncorrelated  areas  on 
the  target. 


Figure  6.  Comparison  of  theoretical  predictions  of  average  speckle  size  as  a  function  of 
threshold  level  with  experimental  measurements  for  an  isotropic  speckle  pattern. 


A  2nd  (non-isotropic)  speckle  pattern  was  produced  by  illuminating  a  sandblasted  aluminum 
rectangular  target  with  a  2  to  1  aspect  ratio.  The  ratio  of  the  widths  of  the  autocovariance  function 
profiles  are  approximately  equal  to  the  reciprocal  of  the  aspect  ratio  of  the  rectangular  target  as 
expected.  For  this  target  the  second  moments  as  determined  by  the  peak  curvature  of  the 
autocovariance  function  in  the  x-dlrection  and  the  y-direction  are  given  by 

^^.  =  68. 12 +  1.91%  =  69.42 

and 

^^^,  =  203.36  +  4.24%  =  211.98  (i9) 

or 

Note  that  the  correction  factor  obtained  from  the  calibration  cun.'e  in  Figure  5  is  substantially  greater 
in  the  y-direction  in  which  the  speckles  axe  elongated.  This  is  obviously  due  to  the  lower  sampling 
density. 
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This  set  of  measured  intensity  data  yielded  a  value  of  1.32  for  M  -  P/ct/  ^  calculated  from  Eq_ 
(8).  Again,  this  quantity  should  not  be  thought  of  as  a  PDF  shaping  constant,  but  only  as  the  ratio  of 
the  mean  square  intensity  to  the  variance  of  the  intensity  speckle  data. 

Figure  7  shows  the  comparison  of  the  average  speckle  area  as  a  function  of  intensity  threshold 
level  as  theoretically  predicted  from  Eq.  (3)  compared  to  the  experimental  measurements  for  this  non¬ 
isotropic  speckle  pattern. 


Figure  7.  Comparison  of  theoretical  predictions  of  average  speckle  size  as  a  function  of 
threshold  level  with  experimental  measurements  for  a  non-isotropic  speckle  pattern. 


Once  again,  there  is  excellent  agreement  for  intensity  threshold  levels  greater 
mean  inte^ity.  with  increasing  departure  between  the  theory  and  experiment  as  the  threshold  le  el  is 

decreased. 


The  previous  speckle  patterns  were  produced  with  a  linearly  polarized  laser  beam  iUumiiiating  the 
target,  and  a  linear  polarizer  placed  in  front  of  the  CCD  camera  to  correct  for  any  ^epolanzation 
caused  bv  the  scattering  process.  Speckle  patterns  characterized  by  a  PDF  shaping  constant  ne^ 
unity  were  thus  produced.  Speckle  patterns  exhibiting  larger  values  of  M  were  then  produced  by 
placmg  a  X/4  wave  plate  in  the  incident  beam  to  create  elliptically  polarized  light  with  varying  degrees 

of  elllpticity. 


The  3rd  test  case  presented  here  was  a  speckle  pattern  produced  by  illuminatog  a  circulm  re£OT 
on  a  sandblasted  aluminum  target  with  circularly  polarized  laser  light.  The  resulting  specWe  Pattem 
the  incoherent  sum  of  two  orthogonally  polarized  speckle  patterns  and.  as  for  the  case  of 
uTipolarizcd  light,  a  shaping  constant  of  M  =  2  is  thus  expected. 


The  peak  curvature  of  this  normalized  autocovariance  function  results  in  calculated  2nd  moments 
of  £  zz  i  =  53.7.  The  width  of  the  normalized  autocovariance  function  is  approximately  20 
pixels,  from  which  a  correction  factor  of  1.55%  is  obtained  from  the  calibration  curve  in  Figure  4. 

This  yields  a  total  value  of  f  =  ^yy  =  ^4. 53  to  be  input  into  Eq.(3)  for  this  target. 
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Figure  8  shows  the  comparison  of  the  average  speckle  area  as  a  function  of  intensity  threshold 
level  as  theoretically  predicted  from  Eq.  (3)  compared  to  the  experimental  measurements  for  this 
speckle  pattern  produced  with  circularly  polarized  light.  The  mean  square  to  variance  ratio  of  the 
experimentally  measured  Intensity  speckle  data  was  M=2.2.  Again  we  have  excellent  agreement  for 
intensity  threshold  levels  greater  than  about  twice  the  mean  intensity:  however,  for  this  circularly 
polarized  illumination,  the  departure  between  the  theoretical  predictions  and  experimental  results 
increases  much  more  rapidly  as  the  threshold  level  is  decreased. 


Figure  8  Comparison  of  theoretical  predictions  of  average  speckle  size  as  a  function 
of  threshold  level  with  experimental  measurements  for  this  speckle  pattern. 


5.  DISCUSSION  OF  RESULTS  AND  CONCLUSIONS 

In  all  three  cases  for  which  detailed  comparisons  were  made,  the  theoretical  curve  asymptotically 
approached  the  experimental  curve  at  high  threshold  levels:  however,  significant  departures  occur  in 
the  comparison  at  the  low  intensity  threshold  levels.  Excellent  agreement  between  theory  and 
experiment  is  observ^ed  for  intensity  threshold  levels  greater  than  approximately  2.0  times  the  mean 
intensity. 

An  examination  of  the  initial  approximations  and  assumptions  which  were  made  in  the 
development  of  the  theoretical  model,  and  an  investigation  of  the  nature  of  the  speckle  pattern  at  low 
threshold  levels  helps  to  explain  the  departure  between  the  theoretical  and  experimental  cur\'es.  The 
assumption  of  spatially  ergodic  speckle  data  is  probably  quite  accurate:  and  although  we  have  already 
seen  that  the  assumption  of  a  Gamma  distributed  intensity  PDF  is  not  strictly  valid  due  to  a  variety  of 
measurement  error  sources,  it  is  not  clear  that  the  effect  of  this  assumption  varies  significantly  with 
threshold  level.  However,  we  will  see  that  assumptions  #2  and  #3  discussed  earlier  are  not  valid  at  the 
lower  threshold  levels  and  that  the  effects  of  these  assumptions  does  become  increasingly  severe  as  the 
threshold  level  is  reduced. 

Figure  9  illustrates  speckle  data  at  four  different  threshold  levels  for  the  1st  speckle  pattern 
investigated.  Figure  9(a)  clearly  exhibits  speckles  that  are  not  simply-connected  (i.e..  some  doughnut 
holes  are  observed).  Assumption  #2  is  therefor  not  valid  at  low  threshold  levels:  however,  these 
occurrences  do  not  seem  prevalent  enough  to  explain  the  departure  between  the  two  cuix^es.  Of  more 
significance,  is  the  nature  of  the  highlighted  speckle  in  Figure  9(a).  As  the  threshold  level  is  reduced 


496  /SPIE  VoI.  2222 


the  speckles  begin  to  coagulate.  A  small  decrease  in  threshold  may  therefore  result  in  a  small  increase 
in  total  speckle  area  but  a  drastic  change  the  number  of  speckles  present.  For  example,  at  a  slightly 
higher  threshold,  the  total  speckle  area  may  change  only  slightly,  but  the  highlighted  speckle  may 
become  5.  6.  or  even  more  speckles  instead  of  one.  Thus,  assumption  #3  is  clearly  not  valid  at  the 
lower  intensity  threshold  levels.  This  effect  is  undoubtedly  the  main  contributor  for  the  departure 
between  the  theoretical  curve  and  the  experimental  data  at  the  low  threshold  levels. 


Figure  10.  Speckle  pattern  illustrated  at  four  different  threshold  lev’els: 

(a)/tiT=  7.(b)  /rh=27.(c)  J(h  =  3/.  and  (d)  Iih  =  4l 


As  a  final  check  on  the  theoretical  predictions,  a  computer  generated  speckle  pattern  with  a  nearly 
perfect  negative  exponential  PDF  was  treated  as  actual  data  and  a  comparison  of  the  directly  measured 
average  speckle  size  vs.  threshold  level  with  the  theoretical  prediction  was  made.  The  results  of  this 
comparison  showed  the  same  behavior  as  the  previous  three  laboratory  generated  speckle  samples. 
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4.0.  LIDAR  SIMULATION 


Artbur  R.  Weeks  Ph.D.  and  Harley  R,  Myler,  Ph.D. 

4.1.  Background 

Modem  laser  radar  systems  possess  a  wide  range  of  uses.  There  are  a  variety  of  detection  schemes  and 
modes  of  operation  that  can  provide  a  range  of  information  for  any  given  application.  For  example,  it  is  possible  to 
configure  a  laser  radar  system  to  give  range  and  velocity  information  about  a  given  object  relative  to  a  radar 
receiver.  Also,  because  laser  wavelengths  are  short  compared  to  microwave  wavelengths  and  the  output  radiation  is 
spatially  coherent,  laser  radars  possess  high  spatial  resolution.  This  high  spatial  resolution  allows  the  use  of  laser 
radar  to  effectively  track  moving  objects,  or  to  provide  detailed  images  of  objects  through  range  or  reflectivity  data. 
This  information  is  very  useful  in  many  military  applications  such  as  target  acquisition  and  tracking,  and  in 
providing  *naps  of  surface  terrain.  The  ability  to  track  moving  objects  also  finds  use  in  the  civilian  world.  Air 
traffic  controllers  use  laser  radars  to  identify  and  track  incoming  and  outgoing  aircraft  [1]  Commercial  airline 
pilots  use  laser  radar  systems  for  precision  aircraft  navigation  and  guidance  [2].  Meteorologists  use  laser  radar  to 
directly  measure  properties  of  the  atmosphere  such  as  wind  direction  and  water  vapor  content  [2]. 

A  simplified  diagram  showing  the  operation  of  a  laser  radar  system  utilizing  incoherent  detection  is 
illustrated  in  Figure  4. 1 . 


Figure  4.1:  Simplified  diagram  of  a  laser  radar  system  utilizing  incoherent  detection. 

The  operation  is  straightforward  in  that  the  detector  measures  the  received  intensity  which  is  a  function  of  target 
shape,  size,  reflectance,  range  to  target,  and  atmospheric  turbulence.  Generally,  a  laser  radar  system  using 
incoherent  detection  uses  a  pulsed  laser  in  such  a  way  that  the  range  to  a  target  can  be  determined  by  the  time  it 
takes  for  the  pulse  to  travel  to  the  target  and  back  to  the  detector.  This  allows  simple  laser  rangefinders  to  be 
constructed.  Another  use  for  incoherent  laser  radars  is  in  the  production  of  laser  radar  images.  This  is  done  by 
scanning  the  laser  across  a  target  and  gathering  range  or  intensity  data  at  each  scanning  position. 

The  disadvantage  of  incoherent  detection  lies  in  the  signal  to  noise  ratio  (SNR).  An  expression  for  the 
signal  to  noise  ratio  of  a  laser  radar  utilizing  incoherent  detection  is  [2] 

SNR  = - - ,  (4.1) 

2huB^g.g  +  [^DK  ^  ^TH  ] 
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where  r]j^  is  the  detector  quantum  efficiency,  h  =  Planck’s  constant  (6.626*10’^'^  J-S),Uis  the  carrier 
frequency,  B  is  the  electrical  bandwidth  of  the  detector,  is  the  received  signal  power,  is  the  background 
power,  P  is  the  equivalent  dark  current  power  of  the  detector,  is  the  equivalent  receiver  thermal  noise,  q  is 
the  charge  on  an  electron  (1.6  *10  C),  and  R  is  the  detector  current  responsivity  [2].  From  this  expression,  it  is 

evident  that  as  P^-g  decreases,  the  other  noise  sources  in  the  denominator  of  Equation  (4.1)  will  become  dominant 

and  the  SNR  decreases  in  value  as  decreases.  The  solution  to  this  problem  lies  in  being  able  to  differentiate 
between  the  temporally  and  spatially  coherent  signal  light,  and  incoherent  background  radiation  P3K;* 


A  second  method  of  detection  used  in  laser  radar  systems  is  coherent  detection.  This  method  can 
drastically  improve  the  SNR  by  being  able  to  discriminate  between  the  spatially  and  temporally  incoherent 
background  radiation  and  the  coherent  radiation  from  the  laser  reflected  off  the  target.  A  block  diagram  showing  a 
laser  radar  that  uses  coherent  detection  is  shown  in  Figure  4.2.  In  Figure  4.2,  HWP  represents  a  half-wave  plate, 
QWP  represents  a  quarter-wave  plate,  PBS  represents  a  polarizing  beamsplitter,  AOM  represents  an  accousto-optic 
modulator,  and  NPBS  represents  a  non-polarizing  beamsplitter. 

Detector  Lens  NPBS  Mirror 


Laser  HWP  PBS  AOM  PBS  QWP 


Target 


Figure  4.2:  A  bulk-optic  monostatic  laser  radar  system  utilizing  coherent  detection. 

As  illustrated  in  Figure  4.2,  a  lens  serves  to  focus  the  mixture  of  the  return  radar  signal  and  the  local 
oscillator  onto  the  detector.  The  detector  outputs  a  current  that  is  composed  of  two  components.  Let 


Ei(x,y)e 


-jco,t 


and  E2(x,y)e 


-jco^t 


represent  the  signal  wave  and  local  oscillator,  respectively  in  the  detector 


plane  then  the  current  output  of  the  detector  will  be  proportional  to 


I 


out 


(4.2) 


As  Equation  (4.2)  illustrates,  the  detector  current  output  will  consist  of  a  DC  component  that  represents  the  average 
power  for  both  the  local  oscillator  and  signal  waves  falling  on  the  detector,  and  a  time  varying  component  that 
oscillates  at  the  difference  frequency  between  the  local  oscillator  and  the  return  signal. 
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By  making  Ej  equal  to  E2 ,  full  modulation  can  occur  -  i.e.  the  detector  signal  will  vary  between  0  and 
4|eJ  .  In  practical  applications  though,  the  modulation  will  be  far  less  than  100%.  The  primary  reasons  for  this 


are  two-fold.  First,  the  local  oscillator  power  will  usually  be  far  greater  than  the  signal  power.  Second,  there  will 
always  be  phase  errors  between  the  local  oscillator  and  signal.  The  phase  errors  arise  from  imperfect 
transmitter/receiver  optics,  atmospheric  turbulence,  diffuse  targets,  diffraction  effects,  etc. 

An  expression  for  the  signal-to-noise  ratio,  SNR,  of  a  laser  radar  system  using  coherent  detection  is  [2] 


SNR  = 


huB 


^1.0.  ■*'^sig  ^BK 


i.O.  Slg _ 
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where  P  j  is  the  local  oscillator  power.  If  the  local  oscillator  power  is  made  very  large  so  that  it  provides  shot- 
noise-limited  operation  of  the  detector,  Equation  (4.3)  reduces  to 

^D^sig 


SNR  =  - 


huB 
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In  the  incoherent  case,  if  the  signal  power  is  much  greater  than  any  of  the  noise  sources,  then  Equation  (4.1)  reduces 
to  : 


SNR  = 


^D^sig 

2huB  ‘ 
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From  Equation  (4.4),  the  advantage  of  the  local  oscillator  power  being  much  larger  than  the  return  signal  power  can 
be  readily  seen.  The  advantage  is  that  for  weak  signal  power,  it  provides  a  higher  SNR  as  compared  to  incoherent 
detection. 

To  maximize  the  SNR  for  a  laser  radar  system  using  coherent  detection,  it  makes  sense  to  gather  as  much 
of  the  signal  power  scattered  by  the  target  as  possible.  A  simple  way  to  do  this  would  be  to  make  the  receiver 
aperture  as  large  as  possible.  However  for  coherent  detection,  this  is  often  counterproductive  because  the  transverse 
spatial  coherence  of  the  signal  wave  is  typically  reduced  by  atmospheric  turbulence  and  irregular  target  surfaces. 
The  random  phase  fluctuations  across  the  signal  wavefront  will  seriously  reduce  the  heterodyne  efficiency  of  the 
system  when  the  cormpted  signal  wave  is  mixed  with  the  uncorrupted  local  oscillator.  This  in  turn  limits  the  peak 
signal  to  noise  ratio.  If  the  receiver  aperture  is  made  smaller  so  that  it  has  roughly  the  same  diameter  as  the 
transverse  coherence  length  of  the  return  signal,  the  heterodyne  efficiency  of  the  detection  will  increase  but  the  net 
amount  of  energy  collected  by  the  receiving  aperture  will  decrease.  This  appears  to  be  a  lose-lose  situation. 

A  way  to  get  around  the  above  difficulties  is  to  design  a  receiver  that  has  several  small  apertures  about  the 
size  of  the  transverse  coherence  length  of  the  return  signal.  Each  separate  aperture  has  its  own  local  oscillator,  so  a 
separate  beat  signal  is  calculated  for  each  individual  aperture.  The  individual  beat  signals  will  have  higher  SNRs 
because  the  heterodyne  efficiency  will  be  higher.  If  the  beat  signals  are  co-phased  together  and  then  added 
coherently,  this  has  the  effect  of  increasing  the  net  signal  amplitude,  while  averaging  the  noise  superimposed  on  the 
individual  signals.  Hence,  the  SNR  has  been  increased.  For  N  apertures  that  are  co-phased  and  added  together,  the 
SNR  will  be  increased  by  approximately  N.  A  system  of  this  type  has  the  ability  to  provide  a  high  SNR  in  the 
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presence  of  strong  atmospheric  turbulence  and  target  scattering.  For  this  reason  it  is  of  great  interest  to  understand 
the  implementation  of  such  a  system  and  all  possible  configurations.  For  a  more  detailed  discussion  of  the 
implementation  and  design  of  a  mulitple  aperture  coherent  laser  radar  system  the  interested  reader  is  referred  to 
Section  2  of  this  report 

As  stated  in  the  original  proposal,  it  is  the  purpose  of  this  task  is  to  develop  a  computer  simulation  that 
accurately  models  a  multiple  aperture  coherent  laser  system.  The  approach  taken  in  the  development  of  this 
computer  simulator  was  to  divide  the  simulation  program  into  three  components.  The  first  component  is  a  graphical 
user  interface  (GUI)  that  allows  the  easy  visualization  and  modification  of  the  system  under  design.  Second,  are 
programs  that  simulate  the  optical  system.  The  third  component  is  a  set  of  functions  that  act  as  a  bridge  between  the 
GUI  and  the  simulation  software.  Such  bridge  functions  are  one  of  the  defming  characteristics  of  CAD  systems. 
These  functions  are  used  to  audit  the  design  of  the  optical  system  being  created.  Some  of  the  auditing  functions  act 
to  prevent  errors  in  design,  such  as  having  two  lasers  independently  providing  the  system  with  two  input  beams. 
Other  functions  are  used  to  check  the  placement  of  components  in  the  system.  CAD  systems  can  and  do  exist 
without  the  aid  of  a  GUI.  Usually  in  such  systems  the  user  enters  his  or  her  data  into  a  text  file  which  is  then  later 
checked  by  an  auditing  routine.  User  interfaces  such  as  this  are  more  difficult  to  work  with  and  are  more  prone  to 
error  than  a  graphical  user  interface. 

Computer  simulation  of  laser  radar  systems  is  not  new.  Many  references  can  be  found  in  the  literature 
discussing  this  subject.  Wang  et  al  [3]  wrote  a  simulation  that  uses  radiometric  methods  to  simulate  short  range 
incoherent  laser  radars.  In  this  simulation,  the  target  is  taken  to  be  diffuse.  The  simulation  takes  the  shape  of  the 
target  and  the  irradiance  function  illuminating  it  and  predicts  the  return  signal  power  function.  Along  the  lines  of 
this,  Estep  et  al  [4]  wrote  a  simulation  that  takes  experimentally  determined  monostatic  reflectivity  data  on  a 
material  and  combines  this  with  information  on  target  shape.  This  information  is  in  turn  combined  with  the 
irradiance  pattern  on  the  target  to  generate  a  laser  radar  cross  section.  Both  of  these  simulations  don’t  preserve 
phase  information  and  model  incoherent  systems.  In  addition,  multiple  aperture  operation  isn’t  supported. 

A  simulation  by  Letalick  and  Oestberg  [1]  modeled  an  imaging  coherent  laser  radar,  but  unlike  the 
simulation  presented  here,  they  did  not  explicitly  calculate  the  heterodyned  signal.  In  Letalick  and  Oestberg^s 

2 

simulation,  by  specifying  an  atmospheric  index  of  refraction  structure  constant  (C  j^),  the  program  simulates  the 

effect  of  turbulence  induced  noise.  This  is  done  by  first  simulating  a  noise  free  intensity  image,  and  then  corrupting 
the  original  intensity  image  through  a  series  of  transformation  equations  [4].  The  heterodyne  efficiency  is  a  fixed 
parameter  specified  for  the  entire  simulation  This  prevents  the  simulation  from  being  able  to  model  the  time 
evolving  change  of  a  heterodyned  signal.  The  purpose  of  their  simulation  was  to  simulate  range  and  intensity 
images  of  objects  placed  in  front  of  different  backgrounds.  These  images  were  then  analyzed  to  deteimine  ways  to 
improve  the  contrast  between  an  arbitrary  target  and  background.  The  simulation  presented  here  is  different  from 
the  one  by  Letalick  and  Oestberg  in  that  both  time-evolved  and  spatial  components  of  the  return  signal  are 
simulated.  Their  simulation  only  provides  a  single  spatial  measurement. 

The  technical  report  by  Peters  and  Nomiyama  [5]  simulated  a  system  for  analyzing  the  effect  that  a  rotating 
diffuse  target  has  on  a  quadrant  detector.  This  simulation  used  Fraunhofer  diffraction  between  the  receiver  and 
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target,  and  also  used  a  Fourier  transform  to  model  the  lens.  Because  the  actual  diffraction  between  optical  elements 
is  modeled  in  this  simulation,  the  actual  heterodyne  detection  process  is  modeled.  This  is  done  by  using  the  lens  to 
focus  both  the  return  signal  and  the  local  oscillator  onto  the  detector.  Next,  the  beat  frequency  is  calculated  by 
integrating  the  square  of  the  sum  of  the  local  oscillator  and  signal  over  the  surface  of  the  detector.  Because  the 
diffuse  target  is  rotating,  this  system  can  model  the  time  evolved  heterodyned  output  signal  where  each  time 
realization  corresponds  to  an  incremental  rotation  of  the  target.  The  main  limitation  with  this  simulation  is  that  it 
does  not  simulate  atmospheric  turbulence  and  it  can’t  simulate  effects  such  as  lens  defocus. 

The  report  by  J.  C.  Leader  [6]  does  not  actually  model  a  coherent  laser  radar  system,  but  obtains  analytical 
expressions  for  heterodyne  efficiency  and  then  numerically  evaluates  the  results.  The  procedure  Leader  uses  to 
generate  his  numerical  data  was  to  specify  the  return  signal  and  the  local  oscillator  field  profiles,  and  then  introduce 
a  coherence  function  between  the  two  that  modeled  the  effects  of  target  roughness  and  atmospheric  turbulence  [6]. 
Next,  a  computer  was  used  to  find  the  time  averaged  heterodyne  efficiency  by  numerically  evaluating  his  results  for 
different  target  surfaces,  atmospheric  conditions,  receiver  parameters,  etc.  This  approach  to  analyzing  a  laser  radar 
system  does  not  allow  the  time  evolution  of  the  heterodyne  efficiency  to  be  examined. 

R.  G.  Frehlich  [7]  published  a  report  describing  a  laser  radar  simulator  similar  to  Leader’s  except  Frehlich 
does  not  include  atmospheric  turbulence.  Frehlich’s  simulation  allows  for  the  target  to  be  located  in  the  near  or  far 
field,  and  explicitly  models  these  propagations  using  the  Huygens  Fresnel  integral.  Frehlich’s  analysis  uses  targets 
that  possess  diffuse  surfaces  with  delta  function  autocorrelation  functions  [7].  The  lens  that  focuses  the  return 
signal  and  the  local  oscillator  onto  the  detector  is  modeled  by  a  quadratic  phase  transformation  and  the  focusing 
operation  is  performed  by  a  Fourier  transform.  Values  of  the  heterodyne  efficiency  are  calculated  a  single 
realization  at  a  time  by  providing  statistically  independent  target  surfaces.  Ensemble  averages  are  then  easily 
computed  by  averaging  all  realizations.  However  this  technique  does  not  allow  one  to  study  the  real-life  time 
evolution  of  these  effects.  In  addition,  this  simulation  does  not  allow  for  a  finite  size  detector  -  i.e.  fhe  detector  in 
this  simulation  collects  all  of  the  signal  and  local  oscillator  power. 

The  report  by  Brown  et  al  [8]  entitled  ‘Simulation  of  Ground  to  Space  Optical  Propagation’  presented  a 
computer  simulation  that  modeled  the  operation  of  a  ground  to  space  adaptive  optics  system.  In  their  simulation, 
the  ground  to  space  propagation  is  modeled  included  including  the  effects  of  the  atmosphere.  The  atmosphere  was 
simulated  using  Kolmogorov  phase  screens.  The  simulation  also  modeled  the  phase  detectors  and  associated 
hardware  that  comprises  an  adaptive  optic  system  that  corrects  for  atmospheric  effects.  While  this  is  not  a  laser 
radar  system,  it  does  share  some  similarities  with  the  simulation  presented  here  in  that  both  simulations  use  time 
correlated  phase  screens.  Though  the  adaptive  optics  simulation  by  Brown  et  aL  did  use  time  correlated  phase 
screens,  their  approach  was  to  create  a  single  large  phase  screen  and  shift  it  one  column  at  a  time  across  the  incident 
beam  [8].  In  this  manner,  the  maximum  number  of  time  realizations  possible  was  limited  by  the  ratio  of  the  size  of 
the  phase  screen  to  the  size  of  the  incident  laser  beam. 

A  paper  by  A.  L.  Kachelmyer  [9]  determined  the  heterodyne  efficiency  of  a  return  signal  that  was  reflected 
from  a  mirror  possessing  aberrations  (approximated  by  Zemike  polynomials),  and  a  plane  wave  local  oscillator.  By 
focusing  the  two  beams  onto  a  detector,  Kachelmyer  studied  effects  that  various  optical  imperfections  would  have 
on  the  heterodyne  efficiency.  K.  M.  Iftekharuddin  et.  al.  [10]  used  computer  simulations  to  examine  the  effects  of 
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tilt  and  offset  of  the  local  oscillator  on  the  heterodyne  efficiency  using  difff action-free  Bessel  beams.  K.  Tanaka  et. 
ai  [11]  use  the  same  general  method  as  Iftekharuddin  except  they  examined  Gaussian  beams. 

The  laser  radar  computer  simulated  presented  here  uses  the  C  programming  language  and  was  developed 
on  a  Sparc  5  Sun  workstation  running  under  X-1 1  Windows.  This  simulation  will  model  a  multiple  aperture  laser 
radar  transmitter/receiver  system  utilizing  coherent  detection.  With  this  simulation,  the  user  can  design  a  laser  radar 
system  by  specifying  component  parameters  such  as  receiving  aperture  placement  and  size,  and  then  investigate  the 
effect  that  factors  such  as  target  range,  atmospheric  turbulence,  and  target  roughness  have  on  the  SNR  of  the  output. 
To  meet  the  original  proposed  goal,  several  tasks  had  to  be  implemented  in  the  process. 

1.  Define  a  Graphical  User  Interface  for  the  entry  of  the  optical  components  used  in  a  typical  laser  radar. 

2.  Model  each  one  of  the  optical  components  used  in  the  laser  radar  system 

3.  Combine  the  GUI  interface  with  the  models  of  each  component. 

4.  Verify  the  final  performance  of  the  laser  radar  simulator 

The  remaining  sections  describe  in  detail  each  one  of  the  above  tasks  and  how  they  were  used  in  the  laser  radar 
computer  simulator. 

4.2  Accomplishments 

In  brief,  our  major  accomplishments  in  the  part  of  the  program  are: 

•  The  individual  components  of  an  actual  laser  radar  such  as  wave  plates,  polarizing  beamsplitters, 
lenses  and  detectors  are  modelled. 

•  More  than  one  receiver  aperture  is  allowed 

•  The  presence  of  components  like  the  wave  plates  and  polarizing  beamsplitters  allows  this  simulation  to 
handle  arbitrary  light  polarizations. 

•  A  scattering  model  that  includes  depolarization  effects  can  easily  be  modeled. 

•  Fresnel  diffraction  is  included  in  the  propagation  model 

•  Increased  accuracy  of  the  lens  routine  is  achieved  compared  with  previous  simulations. 

•  Spatially  and  temporally  evolved  scattering  is  included  in  the  simulation 

To  understand  the  approach  taken  in  the  developing  the  laser  radar  simulator,  a  summary  of  the 
components  used  in  a  single  aperture  laser  radar  is  first  presented  followed  by  the  bolck  diagram  describing  a  two  - 
element  laser  radar  system.  In  any  multiple  aperture  laser  radar  system,  there  will  be  at  least  one  transmit  aperture 
that  illuminates  the  target  with  laser  light.  If  this  aperture  also  acts  as  a  receiver,  then  it  is  called  the  monostatic 
aperture.  The  operation  of  the  monostatic  aperture  as  modeled  in  the  computer  simulation  is  illustrated  below  in 
Figure  4.3.  Figure  4.3  illustrates  every  component  present  in  the  monostatic  aperture  as  well  as  the  light 
polarization  at  each  point  within  the  system. 


4-6 


11 

Detector 


10 

Lens 

A 


9 

NPBS 


S  ^ 


8 

Mirror 

"V. 


-  p 

450 

P 

7 

P  w. - 1  ) 

S 

Circular  / 

^  -w 

7 

- - [ 

P  ^ 

Circular  ^ 

Laser 

1 


HWP 

2 


PBS 

3 


AOM 

4 


PBS 

5 


QWP 

6 


Target 


Figure  4.3:  Monostatic  aperture  of  the  laser  radar  simulator. 

The  P  represents  light  polarized  along  the  P  polarization  reference  axis  which  is  in  the  plane  of  the  paper  and 
perpendicular  to  the  optic  axis.  The  S  represents  light  polarized  along  the  S  polarization  reference  axis  which  is 
perpendicular  to  the  plane  of  the  paper  and  the  optic  axis  (pointing  into  the  paper).  In  this  computer  simulation, 
every  component  shown  in  Figure  4.3  is  explicitly  modeled  with  the  exception  of  the  acousto-optic  modulator 
(component  4).  In  this  simulation,  it  is  just  assumed  that  the  return  signal  has  been  frequency  shifted  by  the  same 
frequency  as  the  AO  modulator’s  frequency.  A  summary  of  each  component  as  it  is  modeled  in  the  computer 
simulator  is  given  as  follows: 

1.  The  first  component  is  the  laser.  The  laser  simulator  produces  a  Gaussian  beam  with  a  specified  power, 
polarization,  radius  of  curvature,  and  beam  radius.  This  beam  is  propagated  throughout  the  system 
using  ABCD  matrices  where  possible. 

2.  The  second  component  is  the  half-wave  plate.  The  wave  plate  simulator  allows  either  half-wave  or 
quarter-wave  operation.  In  addition,  the  wave  plate  simulator  allows  the  angular  orientation  of  the 

slow  axis  to  be  specified.  The  slow  axis  of  the  half-wave  plate  makes  an  angle  of  22.5^  with  the  S  axis 

so  that  the  light  exiting  the  wave  plate  is  linearly  polarized  at  45^  with  respect  to  the  S  and  P  axes. 

3.  The  third  component  is  a  polarizing  beamsplitter.  The  polarizing  beamsplitter  allows  incident  light 
polarized  along  the  P  polarization  axis  to  pass  straight  through  the  beamsplitter.  If  the  incident  light  is 

polarized  along  the  S  polarization  reference,  the  light  is  deflected  at  a  90^  angle  to  the  incident  light. 
In  addition,  the  polarizing  beamsplitters  allow  for  finite  extinction  ratios  in  both  the  forward  and  side 
directions.  The  S  polarization  that  is  deflected  by  polarizing  beamsplitter  number  3  is  the  local 
oscillator  for  the  coherent  detection  process. 

4.  The  component  following  the  polarizing  beamsplitter  is  the  acousto-optic  modulator.  The  purpose  of 
this  component  of  the  laser  radar  system  is  to  shift  the  transmit  signal  by  a  given  frequency. 

5.  Immediately  following  the  acousto-optic  modulator  is  another  polarizing  beamsplitter.  This 
beamsplitter  works  in  conjunction  with  quarter- wave  plate  number  6  to  provide  an  ‘optical 
transmit/receive  switch’. 
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6.  Quarter-wave  plate  number  6  is  part  of  the  optical  transmit/receive  switch.  The  function  of  the  optical 
switch  is  to  allow  the  same  aperture  to  be  used  as  a  transmitter  and  receiver.  The  optical  switch  works 
by  passing  the  P  polarized  light  emerging  from  the  acousto-optic  modulator  straight  through  the 
polarizing  beamsplitter  (5)  to  illuminate  the  quarter-wave  plate  (6).  This  quarter-wave  plate  has  its 

slow  axis  rotated  by  45®  with  the  S  reference  axis,  so  that  the  light  passing  through  it  is  circularly 
polarized  in  the  clockwise  direction.  The  light  then  propagates  to  the  target,  where  it  is  scattered  back 
to  the  receiver.  If  the  scattering  is  weak,  the  light  will  still  be  circularly  polarized  when  it  arrives  back 
at  the  quarter-wave  plate.  When  the  circularly  polarized  light  passes  back  through  the  wave  plate,  it 
will  be  linearly  polarized  along  the  S  axis.  This  allows  the  polarizing  beamsplitter  to  deflect  the  light 

90®  so  that  it  may  be  mixed  with  the  local  oscillator  at  the  non-polarizing  beamsplitter,  and  then 
focused  onto  the  detector  by  the  lens. 

7.  The  free  space  propagation  between  the  transmitter/receiver  and  target  is  modeled  by  Fresnel 
diffraction.  For  many  of  the  simulated  experiments  implemented  tmder  this  research  project,  there 
will  be  phase  screens  placed  within  the  propagation  path  to  simulate  atmospheric  turbulence. 

8.  After  the  light  has  returned  from  the  target  and  gets  deflected  by  the  polarizing  beam-splitter 
(component  5),  the  mirror  serves  to  guide  the  light  so  that  it  may  be  mixed  with  the  local  oscillator. 
(Note:  Diffraction  is  neglected  between  wave  plate  6  and  the  lens  for  the  waves  scattered  off  the  target. 
The  local  oscillator  is  propagated  to  the  lens  with  ABCD  matrices.) 

9.  This  non-polarizing  beamsplitter  mixes  the  return  signal  and  the  local  oscillator  beams. 

10.  The  lens  focuses  the  signal/local  oscillator  mixture  onto  the  detector.  The  lens  simulator  allows  the 
following  parameters  to  be  specified  :  the  lens  diameter,  the  lens  focal  length,  distance  from  the  lens 
plane  to  the  detector  plane,  and  pan  and  tilt  angles  to  simulate  lens  misalignment.  The  lens  is  modeled 
by  a  quadratic  phase  transformation  and  a  uniform  transmittance.  The  diffraction  between  the  lens  and 
detector  is  valid  for  lenses  with  an  F#  as  low  as  4.  This  is  accomplished  by  reclaiming  some  of  the 
higher  order  terms  that  are  normally  removed  when  making  the  Fresnel  approximation. 

11.  The  detector  calculates  the  DC  components  of  the  local  oscillator  and  the  return  signal 
as  well  as  the  AC  portion  (beat  signal).  The  DC  components  are  fed  into  a  Gaussian 
noise  generator  which  adds  simulated  shot  noise  to  the  AC  output.  The  detector 
simulator  allows  the  size,  shape,  responsivity,  sampling  rate,  and  the  3dB  point  of  the 
detector  to  be  specified.  The  Gaussian  noise  generator  also  allows  the  dark  current  and 
the  current  noise  of  the  detector  to  be  specified. 

In  order  to  simulate  the  operation  of  a  multiple  aperture  system,  bistatic  apertures  are  also  modeled.  Figure 
4.5  shows  a  bistatic  aperture  as  it  is  modeled  in  the  computer  simulator.  The  simulation  allows  the  user  to  arrange 
the  monostatic  aperture  and  numerous  bistatic  apertures  so  that  any  synthetic  aperture  configuration  can  be 
modeled.  One  merely  has  to  specify  the  location  of  each  aperture,  the  aperture  diameter,  the  focal  length  of  the  lens 
behind  it,  the  detector  size  and  shape,  etc.  Each  receiving  aperture  is  independent  of  the  others  in  that  it  has  its  own 
set  of  parameters  that  govern  the  output  when  the  signal  is  mixed  with  the  local  oscillator  and  focused  onto  the 
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detector.  Section  4.2.1  presents  the  models  for  each  one  of  the  optical  components  implemented  in  the  laser  radar 
system,  while  Section  4.2.2  gives  the  graphical  user  interface  description  used  by  the  laser  radar  simulator.  Finally, 
Section  4.2.3  gives  some  results  generated  by  the  laser  radar  simulator. 

Detector  Lens  NPBS  Mirror 


Target 


Figure  4.4:  A  bistatic  laser  radar  receiver. 


4.2.1  The  models  for  the  optical  components  used  within  the  laser  radar  simulator 

The  foruT  most  complex  parts  of  the  laser  radar  simulation  are  the  free  space  propagation  model,  the  lens 
model,  the  detector  model,  and  the  phase  screen  model.  This  section  gives  the  theoretical  background  for  each  of 
these  components  plus  the  other  optical  components  implemented  in  this  computer  simulation.  The  free  space 
propagation  and  the  lens  theory  will  be  developed  in  continuous  space,  while  the  phase  screen  theory  and  the 
detector  will  be  presented  in  discrete  space. 


4.2.1.1  Free  Space  Propagation  and  Lens  Theory 

A  very  important  part  of  the  simulation  is  the  method  by  which  Ught  waves  are  propagated  between  the 
target  and  receiver/transmitter  and  withia  the  receiver/transmitter  itself.  To  accomplish  this  task,  the  Rayleigh- 
Sommerfeld  diffraction  integral  [12]  is  used. 

1  jkr 

U(a,p)  =  —  ff  U(x,y)  — cos(n-r)dxdy,  (4.6) 

where  r  =  {(x-a)^  +(y  “  P)^ 

(x,y)  are  object  plane  coordinates, 

(a,P)  are  observation  plane  coordinates, 

(x,y)  e  I  denotes  integration  over  object  plane  aperture, 
n  is  the  unit  normal  vector  in  the  object  plane, 

r  is  the  unit  vector  in  the  direction  of  r, 

cos(«  •  r)  is  the  cosine  of  the  angle  between  n  and  r,  and 

A(x,y)  is  the  complex  amplitude  distribution  in  the  object  plane. 

A  diagram  showing  the  geometry  associated  with  Equation  (4.6)  is  shown  in  Figure  4.5. 
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Figure  4.5:  Geometry  describing  Rayleigh-Sommerfeld  diffraction. 

The  actual  form  of  the  Rayleigh-Sommerfeld  diffraction  equation  formula  used  for  the  free-space 
propagation  within  this  simulation  is  derived  by  first  making  approximations  on  r. 

Without  any  approximations, 


r  =  {(x-a)^+(y-P)2+z¥^  = 


(4.7) 


Now,  expanding  Equation  (4.7)  using  the  Binomial  Theorem, 


(x-a)^+(y-P)^  [(x-af  +(y-|3)V 

2  4  +•••/ 

2z  8z^ 

is  obtained.  In  Equation  (4.8),  all  of  the  higher  order  terms  beyond 

(x-af  +(y-p)^ 


are  negligible  if  the  condition 


2z 


ax 


is  met.  This  is  known  as  the  Fresnel  approximation  [12].  Thus 


.  n 


,,  jf  [(x-a)^+(y-|3)^] 

U(a,P)=T^  JJU(x,y)e  ^  dxdy 


(x,y)e2: 


Hence,  Equation  (4.1 1)  can  be  written  as 


(4.8) 


(4.9) 


(4.10) 


(4.11) 
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(4.12) 


where  and  fy  are  the  spatial  frequencies  in  the  x  and  y  directions  respectively,  and  3{A(x5y)}  is  the  two- 


ClllU  Xy 

dimensional  Fourier  transform  of  A(x,  y) : 


00  00 


-j27i(xf^  +yf  ) 
3{A(x,y)}=  J  JA(x,y)e  dxdy 


—00  —00 
00  00 


-  j27t(xf  +yf  ) 

3  {A(x,y)}=  I  J  A(x,y)e  df^df^ 


(4.13) 


-00-00 

Equation  (4.13)  uses  the  two-dimensional  Fourier  transform  to  calculate  the  electric  field  in  the  (a,  b)  observation 
plane.  Equation  (4.13)  will  yield  a  valid  propagation  result  for  any  combination  of  the  object  aperture,  image 
aperture,  and  propagation  length  that  satisfies  the  Fresnel  condition. 

As  stated  earlier,  a  model  is  needed  that  predicts  the  electric  field  at  the  focal  plane  of  the  lens.  The 
foundation  for  this  operation  is  once  again  Equation  (4.6).  However  in  this  case  the  approximations  used  to  amve 
at  Equation  (4.1 1)  are  not  adequate.  This  is  because  typical  lenses  that  must  be  modeled  have  a  F#  of  around  5. 

The  key  to  modifying  Equation  (4.1 1)  so  that  it  will  work  for  the  lens  system  is  in  the  Binomial  expansion 
for  r  ( Equation  (4.8) ). 


(x-a)^ +(y-p)^  [(x-a)^ +(y-p)^f 

r  =  z  + - : - - - h . 


2z 


(4.14) 


8z" 


To  arrive  at  Equation  (4.1 1),  only  the  first  two  terms  in  Equation  (4.8)  were  kept.  In  order  to  allow  Equation  (4.1 1) 
to  work  with  smaller  values  of  z,  some  of  the  higher  order  terms  that  were  ignored  must  also  be  included. 

The  goal  of  the  remainder  of  this  section  is  to  examine  the  terms  that  were  ignored  in  deriving  Equation 
(4.11)  and  re-incorporate  them  so  that  lenses  with  small  F  numbers  can  be  modeled.  In  addition,  an  expression 
analogous  to  Equation  (4.10)  will  derived  for  the  new  expression  that  gives  the  relative  lens  sizes,  detector  sizes, 
and  propagation  distances  for  which  the  new  expression  is  valid. 

Expanding  the  third  term  in  Equation  (4.14)  yields  : 
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,27r[(x-a)^+(y-p)2]^  tt  ,....3  .  ^,.2..2  .  .  4  .  .  4 


8z^ 


=  j - t(x  ”4x  a-4xa  +6x  a  +a  H-y 

4Xz^  ^ 

-4y  -  4yp^  +  6y^a^  +  +  2x^y^ 


(4.15) 


-4x  VP  +  2x^p^  -  4xay^  +  8xyaP 
-4xap^  +  2aV  -4ya^p  +  2a^p^) . 

For  most  radar  applications  of  interest  to  the  multiple  aperture  program,  the  input  aperture  lenses  will  have  a 
diameter  of  approximately  1  centimeter,  and  the  detectors  will  have  a  diameter  of  around  60  microns.  Substituting 
these  numbers  into  Equation  (4.15),  the  terms 


j^(x4+2xV+y^) 

4az 


will  be  the  most  significant,  and  the  tenns 


.  It  3  3  2  2 

-j - 7(4x  a  +  4y  p  +  4xy  a  +  4x  yp) 

4Xz 


(4.16) 


(4.17) 


will  be  the  least  significant.  Hence,  including  only  the  ternis  given  in  Equation  (4.16),  the  equation  used  to  model 
lenses  with  F#  as  low  as  3  is 


j-^[(x-a)"+(y-p)']  -j-^(x‘'+2xV'+y‘) 

U(a,p)=-:—  JJu(x,y)e  ^  e  ^  dxdy 

J  ^  (X,  y)s2 

Rearranging  Equation  (4.18)  further,  we  obtain 


(4.18) 


jkz  j;^(aVp^) 

U(a,P)  =  -^e^^ 

jAz 


jj  jU(x,y)e 

(X,  y)eS 


.  TC  X  2  2>, 

J— (x  +y ) 

Az 


(4.19) 


-j7^3(x'+2xy+y')  -j7^(xa+yp)] 


4^z 


Xz 


[^dxdy  • 


Equation  (4.19)  is  the  equation  that  is  used  to  simulate  the  lens  propagation.  It  is  valid  for  any  combination  of  the 
lens  aperture,  detector  aperture,  and  lens/detector  distance  that  satisfies 

n  - 

^^r  r’<  0.1  radian  .  (4.20) 

Xz 

4.2.1. 2  Detector 

This  section  discusses  the  theory  behind  the  operation  of  the  detector.  First,  the  operation  of  integrating  the 
intensity  of  the  sum  of  the  signal  and  L.O.  waves  over  the  surface  of  the  detector  will  be  discussed.  Second,  the 
simulation  of  the  detector  noise  will  be  outlined.  Key  to  the  simulation  of  the  detector  noise  is  a  lowpass  filtering 
operation  used  to  simulate  the  finite  bandwidth  of  the  detector.  The  last  part  of  this  section  will  outline  the  process 
by  which  the  final  detector  AC  current  output  is  obtained  through  the  collective  process  of  calculating  the 
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heterodyned  signal,  generating  the  random  detector  noise,  and  then  lowpass  filtering  the  detector  noise  added  to  the 
detected  AC  signal. 

A  heterodyned  signal  consists  of  mixing  a  return  signal  wave  carrying  information  with  a  reference  wave 
(local  oscillator).  Once  the  signal  wave  and  local  oscillator  wave  are  mixed  and  focused  onto  the  detector  by  a  lens, 
the  detector  must  calculate  the  time  varying  intensity  incident  on  its  surface.  This  process  is  illustrated  in  Figure 
4.6.  In  reference  to  Figure  4.6,  the  following  equations  will  describe  how  the  heterodyned  signal  is  obtained  from 
the  detector.  The  process  will  be  illustrated  using  the  S  polarization  component  of  the  local  oscillator  and  signal 

wave.  Let  the  S  polarization  of  signal  wave  in  the  detector  plane  be 

j(cp^  (x,y)+co^t) 

As(x,y)e  '  ,  (4.21) 

where  Ag(x,  y)  represents  the  signal  amplitude  as  a  function  of  position  across  the  detector, 

(p^  (x,y)  represents  the  phase  as  a  function  of  position  across  the  detector,  and  CO^  is  the  frequency  shifted 

s 

signal  wave. 


This  is  the  detector  aperture. 
Every  pixel  from  the  local 
oscillator  and  signal  that 
resides  within  this  circle 
contributes  to  the  measured 
intensity. 


512X512  array  containing 
single  polarization  component  of 
Local  Oscillator  Wave 


512  X  512  array  containing 
single  polarization  component  of 
Signal  Wave 


Figure  4.6  :  Figure  showing  simplified  detector  operation. 


Let  the  S  polarization  of  the  local  oscillator  (L.O.)  wave  in  the  detector  plane  be 

j(q>B,  (x,y)+®Bt) 

Bs(x,y)e 


(4.22) 


where  Bg(x,  y)  is  the  L.O.  amplitude  as  a  function  of  position  across  the  detector,  (x,y)  is  the  phase  of  the 


L.O.  as  a  function  of  position  across  the  detector,  and  is  the  frequency  of  the  local  oscillator  (not  frequency 
shifted). 
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AxAy, 


(4.23) 


Given  Equations  (4.21)  and  (4.22),  the  detector  output  current  as  a  fionction  of  time  for  the  S  component  of 
the  radiation  incident  on  the  detector  is 

V  A  /  A  j(9,^(x,t)+(a^t)  j((p„.(x,y)+cp„t)|2 

R  2  ^  Ag(m,n)e  +Bg(m,n)e 

(m,n)Ga 

where  a  represents  all  points  that  lie  within  the  detector  aperture,  R  represents  the  responsivity  of  the  detector 
(AmperesAV att),  cq  is  the  permitivity  of  free  space,  c  is  the  speed  of  light  in  free  space,  Dx  is  the  spatial  sampling 

interval  in  the  detector  plane  in  the  x-direction,  and  Dy  is  the  spatial  sampling  interval  in  the  detector  plane  in  the  y- 
direction.  Expanding  the  arguments  within  the  summation  in  Equation  (4.23)  yields 


I  2 

|Ag(m,n)|  +|Bs(m,n)' 


+  2|Ag(m,n)||Bg(m,n)|cos<((p^  (x,t)-(pg  (x,y))  +  (coA -©g)! 


(4.24) 


Using  COS(p+y)^COsPcosy  -sinPsiny  in  Equation  (4.24)  and  substituting  the  result  back  into  Equation 
(4.24),  the  final  expression  for  the  detector  current  due  to  the  incident  S  polarized  light  is 

r 


R-^AxAyl  ^  ||Ag(m,n)|^ +|Bg(m,n)p| 


L(m,n)ea 


+ 


cos(©A-Og)t  Y.  2|Ag(m,n)||Bg(m,n)|cos(9^  (m,n)-(pg  (m,n)) 


(m,n)ea 


(4.25) 


1 


-  sin(a^-©g)t  Y  2|Ag(m,n)||Bg(m,n)|sin((p^  (m,n)-(pg  (m,n)) 

(m,n)€a  ^  s 

Equation  (4.25)  gives  the  output  beat  signal  of  the  heterodyned  waves  as  a  function  of  time.  To  obtain  the 
total  current  output  from  the  detector,  Equation  (4.25)  must  be  repeated  for  the  P  polarized  light  incident  on  the 
detector  (subscripts  in  Equation  (4.25)  change  to  P  subscripts).  In  most  laser  radar  applications  the  first  term  of 
Equation  (4.25)  (DC  term)  is  not  of  interest.  Letting  the  last  two  terms  of  Equation  (4.25)  define  the  AC  portion  of 
the  detected  current ,  the  AC  current  for  a  single  polarization  component  will  be 

Q  (t)  =  R-^  AxAy  • 

'  2 


r 


cos(0^-©g)t  Y  2A  (m,n|B  (m,n)|cos((p^  (m,n)-(pg  (ni,n)) 

(m,n)e3c  ii  i  ^  ^ 

-sin(®^-©g)t  Y  2|A.y(m,n|B^(m,n)|sin(9^  (m,n)-(pg  (m,n)) 

(m,n)ea  ^ 


(4.26) 


1 


where  g  is  either  S  or  P  depending  on  the  polarization.  The  final  AC  ciurent  detector  output  without  noise  will  be 

^totalO)  =  +  Qp  (t)  .  (4.27) 
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To  make  the  output  more  realistic,  noise  must  be  added  to  the  AC  signal  in  Equation  (4.27).  The  noise 
energy  for  the  detector  depends  on  the  dark  current,  the  detector  current  noise,  the  bandwidth  of  the  detector,  and 
the  shot  noise  due  to  the  DC  signal  present  at  the  detector.  The  time  varying  noise  produced  by  the  detection 
process  is  simulated  by  adding  uncorrelated  zero  mean  Gaussian  distributed  random  numbers  to  the  AC  current 
output.  Zero  mean  Gaussian  distributed  random  numbers  are  generated  with  the  following  equation  [13] : 

Gaussian  R.V.=  |-2-a^  -InX 

where  X  is  a  uniformly  distributed  random  number  between  0  and  1 ,  0  is  a  uniformly  distributed  random  number 

between  0  and  2p  (independent  of  X),  and  s^  is  the  desired  variance.  The  variance  of  the  noise  produced  by  the 
detection  process  is  given  by  [14]  : 


1/^ 


•COS0 


(4.28) 


^noise  "  2q(Ip  +  +  1^^^  )  +  *  9  ’ 


(4.29) 


.-19 


where  q  is  the  charge  on  an  electron  (1.602*  10  C),  Ij)  is  the  dark  current  on  the  detector,  in  is  the  current  noise 

of  the  detector,  fQ  is  the  3dB  point  of  the  detector, 


I 


DC. 


=  X  {|As(in,n)f +|Bs(in,n)f}, 


(4.30) 


(m,n)€a 


and 


"DC 


S.C 

=  R-^ 

2 


(m,n)ea 


2  2 
|Ap(m,n)|  +|Bp(m,n)| 


(4.31) 


which  are  the  DC  currents  on  the  detector  from  the  S  and  P  polarizations  respectively. 

To  produce  the  noise  added  to  the  AC  detector  current,  a  time  sequence  of  uncorrelated  Gaussian  random 
numbers  is  generated  using  Equations  (4.28)  and  (4.29),  The  next  step  in  the  process  is  to  filter  the  noise  to  match 
the  passband  of  the  detector.  A  block  diagram  describing  the  noise  generation  process  is  given  in  Figure  4.7. 


Figure  4.7  :  Process  of  adding  narrowband  noise  to  the  AC  current  output  of  a  detector. 
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A  first  order  lowpass  filter  is  used  model  the  filter  for  the  detector.  In  the  Laplace  domain,  this  filter  is  defined  as 
[15]: 


H(S)  =  — ^  .  (4.32) 

S  +  (0q 

where  wq  =  2pfQ  is  the  3dB  point  of  the  filter  in  radians/second.  To  find  the  discrete  version  of  Equation  (4.32) 
H(z)  as  required  by  the  simulation,  the  bilinear  transform  [15]  is  used  resulting  in 


H(z)  =  - 


2  1-z 


Tll+z' 


(4.33) 


where  T  is  the  time  sampling  period  of  the  laser  radar  simulator.  Rearranging  Equation  (4.33),  we  obtain 


H(z)  = 


(D.T  .1 
Y(z)  ) 


(4.34) 


where  X(z)  is  the  Z-transform  of  the  time  sequence  of  the  uncorrelated  Gaussian  random  variables  and  Y(z)  is  the 
Z-transform  of  the  filter  output.  Rewriting  Equation  (4.34)  yields 


-1  OO.T  .1  CO.T  .1 

(l-z  )Y(z)  +  ^(l+z  )Y(z)  =  ^(l  +  z‘)X(z) 


Rearranging 

further, 


“oTt  Y(z)roJoT  'I  ©oTi 

j[H  —  I  -  — : - 1 1  =  — —  . 


^X(z)- 


Applying  the  inverse  Z-transform  to  Equation  (4.35)  yields 


Y(nT)  1  + 


cOqT^ 


Y[(n  -  1)T][^  - ^  (X(nT)  +  X[(n  -  1)T]). 


Finally,  solving  Equation  (4.36)  for  Y(nT)  in  terms  of  X[nT],  X[(n-1)T],  and  Y[(n-1)T]  yields  the  difference 
equation  of  the  lowpass  filter  given  in  Equation  (4.32) : 


(X(nT)  +  X[(n-l)T])- 


Y(nT) 


1  Y[(n-1)T] 


2  J 


As  shown  in  Figure  4.7,  in  order  to  maintain  the  noise  power  during  the  filtering  operation,  a  correction 
factor  is  used  to  scale  the  variance  before  implementation  of  the  lowpass  filter.  The  correction  factor  is  [16] 


K  =  1  +  ' 


cOoTl' 
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Using  the  correction  factor  in  conjunction  with  Equation  (4.29)  establishes  that  the  variance  added  to  the  AC  signal 
before  low  pass  filtering  will  be 


a 


2 

noise 


2q(I 


D  ^DCs  ^DC| 


)  +  in^ 


Tt 

J'l 


1  +  - 


tan 


©oT 


(4.39) 


Applying  the  lowpass  filter  to  the  imcorrelated  Gaussian  noise  with  the  variance  given  by  Equation  (4.39)  results  in 
the  correct  noise  variance  given  by  Equation  (4.29). 

The  detector  noise  generated  as  shown  in  Figure  4.7  is  finally  added  to  the  AC  detected  signal  as  defined 
by  Equations  (4.26)  and  (4.27).  The  result  is  a  noisy  detected  laser  radar  signal. 


4.2.1 .3  Phase  Screen  Theory 

The  different  subroutines  discussed  for  the  laser  radar  simulator  can  be  Imked  together  to  form  a  variety  of 
different  simulated  experiments.  In  several  instances,  the  experiments  to  be  simulated  will  involve  atmospheric 
turbulence.  The  approach  taken  to  model  atmospheric  turbulence  in  the  laser  radar  simulator  is  to  use  phase  screens 
constructed  with  a  Kolmogorov  power  spectrum.  The  Kolmogorov  power  spectrum  is  defined  as  [17] 

O„(k)=.033-C^k  (4.40) 


where 


r 


K  =  271‘ 


a 


+  ■ 


p 


2  1 


|V2 


L(NAx)^  '  (NAy)^ 


(4.41) 


is  the  strength  of  turbulence,  k  is  the  two-dimensional  spatial  frequency,  and  dz  is  the  thickness  of  the  phase 

screen.  The  terms  Dx  and  Dy  are  the  spatial  sampling  intervals  of  the  screen  in  the  x  and  y  directions,  the  terms 
a/NDx  and  b/NDy  are  the  spatial  frequencies  in  the  x  and  y  directions,  and  N  is  the  total  number  of  points  used  to 
describe  the  phase  screen.  Using  this  model  for  the  Kolmogorov  spectrum,  the  basic  procedme  for  generating  a 
single  screen  is  presented  in  Figure  4.8. 

The  first  step  in  Figure  4.8  is  to  fill  an  array  with  uncorrelated  Gaussian  random  numbers  with  a  variance 
of  1 .  This  is  done  via  a  standard  independent  uniform  random  number  generator  used  to  fill  two  two-dimensional 
arrays  with  statistically  independent  random  numbers  between  0  and  1  and  0  and  2p.  These  arrays  are  then  used  to 
compute  a 
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Figure  4.8:  Flowchart  showing  the  procedure  for  generating  a  single  phase  screen. 

new  array  of  statistically  independent  Gaussian  numbers  with  a  zero  mean  and  an  variance  s^  using  the  equation 
[16] 


Gaussian  R.  V.=  [-  2  -  cr  ^  •  In x] •  cos0  , 


(4.42) 


where  q  is  an  uniformly  distributed  number  between  0  and  2p,  and  X  is  a  uniformly  distributed  number  between  0 
and  1  (independent  of  q).  The  uncorrelated  random  numbers  generated  from  Equation  (4.42)  produce  random  phase 
screens  that  are  Gaussian  distributed  and  that  contain  zero  spatial  correlation.  The  second  step  in  the  flowchart  is  to 
Fourier  transform  the  array  of  Gaussian  random  numbers  using  the  discrete  Fourier  transform 

271 

N-lN-l  -j — (mm'+nn') 

3{A(m,n)}  =  AxAy  ^  ^A(m,n)e  ^  (4.43) 

m=0  n=  0 


The  spatial  correlation  is  applied  to  each  phase  screen  realization  (time  sample)  by  filtering  the  real  and  imaginary 
Fourier  components  by  the  filter  function  [18], 


T(K)  = 


6z*.033 


(4.44) 


as  indicated  in  the  third  step  in  Figure  4.8.  Finally,  the  last  step  is  to  inverse  transform  the  filtered  anays  to  yield  a 
single  time  realization  of  a  phase  screen  possessing  the  necessary  spatial  correlation.  This  is  done  using  the  inverse 
discrete  Fourier  transform 

1  N-l  N-1  j— (mm'+nn') 

3  {A(m',nO}  =  -^ -  ^  ^  A(m,n)e  ^  (4.45) 

N  AxAym-=0n'=0 

In  instances  where  an  ensemble  of  temporally  independent  screens  is  needed,  the  process  outlined  in  Figure 
4.8  is  repeated  using  a  new  initial  array  of  random  numbers  for  each  screen.  However  if  a  series  of  successive  phase 
screens  need  to  possess  temporal  correlation,  they  must  be  created  in  a  different  manner.  In  order  to  create  the 


4-18 


temporal  correlation,  two  basic  operations  are  performed  between  successive  phase  screens.  One  is  to  introduce 
translation  or  ’drift'  from  one  screen  to  another.  The  second  is  to  introduce  boiling  from  one  to  the  other. 

To  introduce  translation  from  one  screen  to  another,  the  initial  N  X  N  array  of  random  numbers  that 
created  the  first  screen  is  used  for  the  second  screen,  except  that  its  rows  (or  columns)  are  shifted.  The  rows  or 
columns  left  blank  from  the  shifting  are  then  replaced  by  a  new  set  of  random  numbers.  This  process  is  illustrated 
in  Figure  4.8. 

Introducing  boiling  between  successive  screens  is  as  straightforward  as  introducing  drift.  Figure  4.9  shows 

boiling  being  added  to  a  phase  screen.  As  Figure  4.9  illustrates,  boiling  is  introduced  by  replacing  every  n^  row  or 
column  in  the  phase  screen  with  a  new  set  of  random  numbers  before  applying  the  Kolmogorov  filter.  In  an  effort 

to  make  the  boiling  affect  more  random,  instead  of  replacing  the  n^  row  for  every  successive  realization,  the  rows 

are  replaced  in  a  small  uniformly  random  region  about  the  n^  row.  The  phenomenon  of  boiling  corresponds  to  a 
continuing  evolution  in  the  profile  of  the  phase  screen  perhaps  caused  by  thermal  gradients  [8]. 


Realization  A 


Realization  B 


_ 

Take  the  elen 
part  of  the  wi 
move  them  o 
other  edge  of 

aents  in  this 
ndow  and 
ver  to  the 
the  window. 

lumbers  are 

5  columns  left 
lifting 

New  random  r 
placed  in  these 
blank  by  the  s] 
operation 

Figure  4.9:  Process  by  which  successive  phase  screens  are  made  to  ‘translate’. 
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4.2.1.4  Laser 

The  laser  model  creates  a  Gaussian  beam  that  propagates  through  the  system  and  illuminates  the  target. 
This  section  briefly  describes  the  theory  of  Gaussian  beam  propagation  and  gives  all  the  relevant  equations. 

A  simplified  diagram  of  a  laser  is  shown  in  Figure  4.10.  The  equations  governing  the  size  and  shape  of 
the  laser  beam  exiting  the  laser  are  [19] 


This  picture  illustrates 
every  64th  column  in  a 
phase  screen  realization 


0  63  127  191  255  319  383  447  511 


This  picture  illustrates  how  boiling 
in  a  successive  phase  screen 
realization  is  made  more  random. 
Instead  of  replacing  every  64th 
column  with  a  new  set  of  random 
numbers,  columns  are  replaced  in  a 
randomized  range  around  every 
64th  column. 


50 


135  210  250  330  405  471 


Figure  4.10:  Demonstration  of  boil  being  added  between  successive  phase  screens. 


E(r,z)  =  Eo 


jtan  (— )  — 

-jkz  Zo  CO  (z) 

e  e  e 


■  kr' 
’^2R(z) 


(4.46) 


where 
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(4.47) 


2  Z  2 

CO  (z)  =  square  of  beam  radius  =  CO  Q^[l +  ( — )  ], 

^0 


Z.  2 

R(z)  =  radius  of  curvature  =  z[l  +  (-^)  ] , 

z 

coq  =  beam  waist 


us.= 

I  n 


(4.48) 

(4.49) 


Zq  =  confocal  parameter,  z  =  distance  from  the  beam  waist,  r  =  radial  distance  from  the  optic  axis,  k  is  the 
wavenumber  (27t/  ?\-),  and  E(r,z)  is  the  electric  field  in  the  z  plane  at  a  radial  distance  r.  Finally,  the  electric  field 


from  the  laser  is 


r  p,..„  1 


1/2 


0  L^O 


la^eiL,  I 

c  •  71 J 


(4.50) 


where  Piaser  output  power.  In  Figure  4.11,  the  beam  waist  is  located  at  the  output  coupler,  so  this 

becomes  the  z  =  0  plane  (z-axis  coincides  with  optic  axis).  For  z  =  0  Equation  (4.47)  reduces  to  w(0)  ==  wq  which  is 


the  beam  waist,  and  the  radius  of  curvature  of  the  Gaussian  beam  becomes  infinite.  This  results  in  the  laser  beam 
curvature  matching  that  of  the  planar  output  coupler.  In  fact,  all  that  is  needed  to  completely  describe  the  Gaussian 
beam  produced  by  the  laser  is  the  beam  waist,  the  beam  waist  location,  the  wavelength  of  the  light,  and  the  laser 
power.  By  specifying  the  power  in  the  laser,  the  value  of  Eq  can  be  foxmd  with  Equation  (4.50).  By  specifying  the 


beam  waist  and  the  wavelength,  the  confocal  parameter  can  be  foimd  using  Equation  (4.49).  Knowing  the  beam 
waist  and  the  distance  z  from  the  beam  waist  location  allows  R(z)  and  w(z)  to  be  determined  using  Equations  (4.47) 
and  (4.48).  Substituting  all  of  this  information  into  Equation  (4.46)  gives  the  electric  field  at  any  value  of  z.  Using 
Equations  (4.46)  -  (4.50),  the  electric  field  at  any  value  of  z  can  be  found. 

Laser  cavity  Laser  cavity 


feedback  mirror 


output  coupler 


Collimating  lens 


Figure  4.11:  Simple  diagram  of  a  laser  cavity. 

The  above  discussion  describes  how  to  propagate  a  Gaussian  beam  through  free  space.  But,  typically  the 
output  of  the  laser  is  incident  on  a  lens  to  collimate  the  beam.  The  effect  of  a  lens  on  a  Gaussian  beam  is  easily 
modeled  using  ABCD  matrices.  The  key  to  this  analysis  is  the  fact  that  given  the  wavelength  of  the  light,  a 
Gaussian  beam  is  completely  described  by  its  q  parameter  [19], 


4-21 


(4.51) 


q  =  z  +  Jzq, 

where  z  is  distance  from  the  beam  waist  to  the  lens,  and  zq  is  the  confocal  parameter. 


The  equations  for  w(z)  and  R(z)  are  easily  derived  from  the  q  parameter  in  Equation  (4.51).  So  by 
calculating  the  effect  of  a  thin  lens  and  a  subsequent  jfree  space  propagation  on  the  q  parameter  of  a  Gaussian  beam, 
w(z)  and  R(z)  can  be  found  at  any  distance  past  the  lens.  The  effect  that  ABCD  matrices  have  on  the  q  parameter  of 
a  Gaussian  beam  is  given  by  the  equation  [19] 


Aq  +  B 
Cq+D 


The  ABCD  matrix  for  a  lens  of  focal  length  f  is  [19] 

n,  01 

I  A  .  ! 


(4.52) 


(4.53) 


where  A-1,  B-0,  C — 1/f,  and  D-~l.  The  ABCD  matrix  for  a  free  space  propagation  of  distance  a  is  [19] 

ri  a] 

|o  1  I’ 


(4..54) 


where  A  =  1,  B  =  a,  C  =  0,  and  D  =  1. 

Substituting  the  ABCD  values  in  Equation  (4.53)  and  the  q  parameter  in  Equation  (4.51)  into  Equation 
(4.52)  gives: 

q'  =  z'  +  j  -Z^,  (4.55) 

where 


T  = 


zjP 

(z-f)^+ZQ2 


(4.56) 


and 


Z 


(z-O^+Zq^ 


(4.57) 


Equation  (4.57)  gives  the  new  q  parameter  of  the  Gaussian  beam,  in  which  Equation  (4.56)  represents  the  location 
of  the  new  beam  waist  relative  to  the  lens  plane,  and  Equation  (4.55)  represents  the  new  confocal  parameter.  The 
next  step  in  obtaining  w(z)  and  R(z)  is  to  propagate  the  q  parameter  in  Equation  (4.55)  a  given  distance  past  the 
lens.  This  is  done  by  substituting  the  ABCD  values  in  Equation  (4.54)  and  the  q  parameter  in  Equation  (4.55)  into 
Equation  (4.52).  The  result  of  this  calculation  is 

q"  -  q'  +  a  =  (z'  +a)+  j  -zq.  (4.58) 

The  last  step  in  finding  w(z)  and  R(z)  after  focusing  by  a  lens  is  to  derive  the  actual  equations  themselves  from  the  q 
parameter  in  Equation  (4.58).  This  is  done  by  substituting  q”  into  the  equation 
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.  k  2 
^2-q"  ^ 

e  ^  (4.59) 

Multiplying  out  the  exponent  produces  the  new  equations  for  the  beam  radius  and  phase  curvature  as  a  function  of 
propagation  distance  [19] 

-  jK  _ -  kr- _ 
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(z'  +  a  )y 


(4.60) 
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Upon  inspection  of  Equation  (4.60),  the  denominator  of  the  real  part  is  of  the  same  form  as  Equation  (4.47)  and  the 
denominator  of  the  imaginary  part  is  the  same  as  Equation  (4.4'in  lens  are 
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(4.62) 


where  a  is  the  distance  propagated  past  the  lens.  Equations  (4.61)  and  (4.62)  completely  describe  the  Gaussian 
wave  as  it  propagates  through  a  thin  lens. 


4.2.1.5  Wave  Plates 

This  section  discusses  the  theory  behind  ‘optical  wave  plates’  as  implemented  in  the  laser  radar  simulator. 
Figure  4.12  shows  an  electromagnetic  wave  traveling  in  the  +z  direction  with  the  electric  field  polarized  in  the  y 
direction.  As  the  light  wave  in  Figure  4.12  propagates  along  the  z-axis,  the  electric  field  vector  can  be  expressed  as 

E(z,  t)=  y  Eq  sm{k  •  z  -  cot) ,  (4.63) 

where  y  is  the  unit  vector  in  the  positive  y  direction  and  Eq  is  the  electric  field  magnitude,  w  is  the  frequency,  and  k 
is  the  wavenumber.  The  magnetic  field  vector  can  be  expressed  as 

Ecs 

M(z,  -  X  sin(A:  •  z  -  0/) ,  (4.64) 

c 

where  x  is  the  unit  vector  in  the  positive  x  direction  and  c  is  the  speed  of  light  in  a  vacuum.  A  standard  convention 
in  optics  is  to  refer  only  to  the  electric  field  of  an  electromagnetic  wave  when  specifying  polarization  information, 
and  this  is  the  convention  that  will  be  followed  here.  In  addition,  S  polarization  is  represented  by  the  x  axis  while  P 
polarization  is  represented  by  the  y  axis  as  shown  in  Figure  4.12.  The  x  unit  vector  will  be  replaced  by  the  S  unit 
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vector,  and  the  y  unit  vector  will  be  replaced  by  the  P  unit  vector.  The  general  expression  for  the  polarization  of 
light  is  [20] 

P(z,t)=  SEssin(k-z  ~  cot  +  0)  +  PEpsin(k*z  -  cot),  (4.65) 


z 


Figure  4.12:  Electromagnetic  wave  traveling  in  the  +z  direction  with  the  E- field  polarized 
along  the  y-axis. 


where  Eg  is  the  electric  field  amplitude  along  the  S  axis,  Ep  is  the  electric  field  amplitude  along  the  P  axis,  q  is 

the  relative  phase  difference  between  the  S  and  P  axes,  and  w  is  the  frequency  of  the  light. 

Examining  Equation  (4.65),  it  is  seen  that  there  are  three  different  types  of  polarization  that  are  possible. 
The  first  is  linearly  polarized  light.  This  can  occur  only  when  q  =  0  or  q  =  p.  The  relative  magnitudes  of  Eg  and 

Ep  determine  the  angle  that  the  polarization  vector  makes  with  the  S  axis.  This  angle  is  given  by 


O  =  tan 


rEpi 

k; 


(4.66) 


The  second  type  of  polarization  is  circularly  polarized  light.  This  is  only  possible  when  Eg  =  Ep  and  q  =  ±7r /2  . 
The  final  and  most  common  type  of  polarization  is  elliptically  polarized  light.  It  occurs  when  Eg  =  Ep  and 
0  7^:  0  or  7r/2  or  71,  but  most  generally  when  Eg  ^  Ep  and  q  lies  anywhere  in  the  range  (0,7i)  (71,2 7t). 

An  expression  that  gives  the  angle  of  the  major  axis  relative  to  the  S  axis  is  [20] 
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(4.67) 
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Figure  4.13  shows  elliptically  polarized  light  with  the  major  axis  located  along  the  P-axis  and  the  minor  axis  located 
along  the  S  axis.  From  the  perspective  of  someone  looking  in  the  direction  of  the  light  propagation,  the  polarization 
vector  will  rotate  in  the  counter-clockwise  direction. 


Figure  4.13:  Elliptically  polarized  light. 

The  difference  between  linear  polarization  and  elliptical  polarization  is  relative  phase  between  the  two 
orthogonal  components.  This  forms  the  basis  for  the  wave  plate  operation.  Wave  plates  are  made  with  birefnngent 
crystals  which  possess  different  indices  of  refraction  for  different  light  polarizations  traveling  through  the  material. 
For  use  as  wave  plates,  these  crystals  are  chosen  so  that  only  two  orthogonal  light  polarizations  are  allowed  to 
propagate  through  the  crystal  at  normal  incidence.  By  utilizing  the  fact  that  the  indices  of  refraction  are  different  for 
the  two  polarizations,  a  relative  phase  difference  can  be  introduced  between  the  two  polarizations  upon  exiting  the 
crystal.  The  crystal  thickness  needed  to  introduce  a  given  phase  difference  for  a  given  wavelength  of  light  depends 
on  the  relative  magnitudes  of  the  orthogonal  indices  of  refraction.  The  axis  in  the  crystal  that  possesses  the  higher 
index  of  refraction  is  known  as  the  slow  axis,  because  the  speed  of  light  is  slower  in  a  higher  index  material. 
Conversely,  the  axis  with  the  smaller  index  of  refraction  is  known  as  the  fast  axis. 

The  two  types  of  wave  plates  implemented  in  the  laser  radar  simulator  are  half-wave  and  quarter-wave.  In 
modeling  both  of  types  of  wave  plates  an  arbitrary  angular  orientation  of  the  slow  axis  of  the  wave  plate  with  the  S 
polarization  reference  axis  of  the  system  is  required.  By  allowing  an  arbitrary  angular  orientation  of  the  slow  axis 
with  the  S  axis,  linearly  polarized  light  can  be  transformed  into  circularly  polarized  light  by  rotating  the  slow  axis  so 
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that  it  makes  an  angle  of  45®  with  the  S  axis.  By  rotating  the  slow  axis  45®,  the  P  polarized  light  will  possess  equal 
components  along  both  the  fast  and  slow  axes  of  the  wave  plate.  For  a  wave  plate  with  a  fast  axis  to  slow  axis  phase 
difference  of  p  /  2,  this  operation  yields  circularly  polarized  light. 

For  both  half-wave  and  quarter-wave  plate  operation,  the  first  step  is  to  rotate  the  S  and  P  coordinate 
system  so  that  it  coincides  with  the  fast  and  slow  axes  of  the  wave  plate.  This  is  illustrated  in  Figure  4. 14.  In  Figure 
4.14,  the  wave  is  initially  polarized  equally  along  both  the  S  and  P  axes.  To  transform  the  amplitude  and  phase  to 
the  coordinate  system  of  the  wave  plate,  the  following  equations  are  used : 

Mg,  =  [Mg^ -cos^G  -I-  Mp^ -008^(90- 0)  -i- 

2cos0  •  cos(90  -  0)  •  MgMp  •  cos(<t)g  -  <j)p)]^^  (4.68) 


Figure  4.14:  A  diagram  showing  a  wave  plate  rotated  at  an  angle  q  relative  to  the  S  and  P  axes. 

.if  cos0-sin(j)„ -(-cos(9O-0)- siiKbp  1 

(])<;,  =  tan  - ^ ^ 

^  cos0-cos(j)g+ cos(9O-0)-cos(j)p  > 


(4.69) 


Mp,  =[Mg^ -008^(90  +  0)  +  Mp^ -008^(0)  -I- 

2cos0 -008(90  +0)-MgMp  •cos(<t)^  -(|)p)f  ^  (4.70) 

-1  r  co8(90  +  0)  •sin(j)„  -I-  co8(0)-  sin(|)p  1 

^  [_C08(90 +0)-CO8(|)g+ CO8(0)-CO8(l)p  J’  (4-71) 

where  is  the  magnitude  of  the  a^  polarization  component,  4  is  the  phase  of  the  a^i^  polarization  component,  and 
q  is  the  angle  between  the  slow  axis  of  the  wave  plate  and  the  S  polarization  axis.  Once  these  transformations  have 
been  performed,  depending  on  whether  quarter- wave  plate  or  half-wave  plate  operation  is  desired,  either  7c/2  or  TU 
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is  added  to  <j)  g,  (phase  of  slow  axis).  The  final  step  is  to  transform  the  light  emerging  from  the  wave  plate  (along 
the  fast  and  slow  axes)  back  to  the  original  S  and  P  coordinate  system. 

4.2.1.6  Beamsplitters 

This  section  discusses  implementation  of  polarizing  and  non-polarizing  beamsplitters.  The  non-polarizing 
beamsplitter  divides  the  incident  radiation  based  on  a  power  splitting  coefficient,  and  the  polarizing  beamsplitter 
divides  the  incident  radiation  based  on  its  polarization.  The  operation  of  a  non-polarizing  beamsplitter  is  illustrated 
in  Figure  4.15.  The  non-polarizing  beamsplitter  is  described  completely  by  its  power  transmittance  T  used  to  model 
losses  within  the  beamsplitter  and  its  power  splitting  ratio  R.  The  transmittance  represents  the  fraction  of  the 
incident  power  that  is  not  lost  due  to  scattering,  absorption,  etc.  The  splitting  ratio  determines  the  portion  of  the 
incident  power  that  passes  straight  through  the  non-polarizing  beamsplitter  and  consequently  the  portion  that  is 
deflected.  The  fraction  of  the  incident  electric  field  that  passes  straight  through  the  beamsplitter  is 


Ej  =Jt-Jr-Eq  , 
p  p 

(4.72) 

Ej  =Jt-Jr-Eq  , 
s  s 

(4.73) 

and  the  fraction  that  is  deflected  at  a  90®  angle  is 

En  =Vt-7i-r-Eo  , 

p  p 

(4.74) 

Ej)  =Vt-V1-R-Eo  , 

(4.75) 

S  S 


where  Eq  is  the  incident  radiation,  Ej  is  the  transmitted  radiation,  and  Ej)  is  the  deflected  radiation.  The  phase 
information  for  the  transmitted  and  deflected  components  remains  unchanged  from  the  incident  components. 


Ed 


Figure  4.15:  Operation  of  a  non-polarizing  beamsplitter  as  utilized  in  this  laser  radar  simulator. 
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The  operation  of  the  polarizing  beamsplitter  is  illustrated  in  Figure  4.16.  The  incident  light  in  Figure  4.16 
is  illustrated  with  equal  amplitudes  of  electric  field  along  the  S  and  P  polarizations.  The  transmitted  light  shows  that 
most  of  the  P  polarization  component  of  the  incident  radiation  is  allowed  to  pass  through  the  beamsplitter,  while 
only  a  small  fraction  of  the  S  component  is  transmitted.  The  deflected  light  shows  that  most  of  the  S  component  of 
the  incident  radiation  is  deflected,  while  only  a  small  percentage  of  the  P  polarization  is  deflected.  The  net  effect  is 
that  a  polarizing  beamsplitter  deflects  the  S  component  while  transmitting  the  P  component. 


Figure  4.16:  Operation  of  a  polarizing  beamsplitter. 

The  fact  that  a  small  percentage  of  the  S  polarization  passes  straight  through  and  a  small  percentage  of  the 
P  polarization  is  deflected  is  a  consequence  of  the  finite  extinction  ratios  in  real  world  polarizing  beamsplitters. 
Allowing  the  transmittance  of  the  beamsplitter  to  be  T,  the  forward  power  extinction  ratio  to  be  F,  and  the  side 
extinction  ratio  to  be  S,  the  electric  field  amplitudes  of  the  transmitted  radiation  will  be 


Ej  =  Vt-VT^-Eo  , 
p  p 

(4.76) 

=  JT-Jf-Eo  , 

s  s 

(4.77) 

and  the  electric  fields  of  the  deflected  radiation  will  be 

Ed  =  Vt-Vs-Eq  , 

P  P 

(4.78) 

Ed  =  Vt-VI-F-Eq  . 
s  s 

(4.79) 

As  obtained  from  data  sheets  for  typical  polarizing  beamsplitters,  a  sample  value  of  F  is  1/200,  and  a  sample  value 
of  S  is  1/20.  The  phase  information  of  all  the  transmitted  and  deflected  radiation  is  left  unchanged. 


4.2.3.  The  graphical  user  interface  (GUI)  for  the  laser  radar  simulator 

The  laser  radar  system  developed  under  this  tasks  models  the  effects  that  various  optical  devices  have  on 
the  electric  field  of  a  laser  beam  as  it  travels  through  an  x  by  y  by  z  region  of  space,  where  y  is  the  height,  x  is  the 
width,  and  z  is  the  length  of  the  region  of  space  being  simulated.  The  height  and  width  of  this  region  of  space  is  not 
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continuous  but  is  modeled  as  an  array  of  512  by  512  elements.  Each  one  of  these  elements  contains  information 
about  the  intensity  and  phase  of  the  laser  beam's  electric  field  for  the  position  of  simulation  space  it  represents. 
Each  element  has  a  length  of  z.  The  values  of  x  andy  are  determined  by  multiplying  the  spatial  sampling  interval  of 
the  simulation  by  the  number  of  samples  in  one  row  or  column  of  the  simulation  array. 

The  main  GUI  window  of  the  laser  radar  simulator  contains  three  sections,  as  shown  in  Figure  4.17:  first, 
the  pull  down  menu  section  at  the  top  of  the  window;  second,  an  area  in  which  optical  device  icons  will  be  placed 
so  that  they  form  an  optical  schematic;  and  third,  a  box  containing  the  current  schematic  file  name  associated  with 
the  currently  displayed  schematic.  The  pull  down  menu  has  three  sections:  FILE,  DEVICES,  and  SIMULATION. 
The  FILE  pull  down  menu  contains  options  to  LOAD  a  simulation,  SAVE  a  simulation,  or  QUIT  the  GUI.  The 
DEVICES  pull  down  menu  consists  of  a  list  of  optical  devices,  such  as  laser,  detector,  lens,  etc.  The  DEVICES 
menu  is  used  to  place  a  device  in  the  schematic  area.  The  SIMULATION  menu  contains  options  to  RUN  a 
simulation,  change  a  simulation's  parameters,  or  specify  an  aperture  that  can  be  used  to  specify  the  location  of  an 
optical  device. 


Figure  4.17:  Main  window  for  CAD  system. 


4.2.3. 1  Menu  Section 

As  stated  above,  the  menu  section  consists  of  three  pull  down  menus:  FILE,  DEVICES,  and 
SIMULATION.  The  FILE  menu  has  four  entries:  LOAD,  SAVE,  SAVE  AS,  and  QUIT.  When  LOAD  is  selected  a 
file  selection  window  (Figure  4.18)  will  appear  that  will  allow  the  user  to  select  the  simulation  schematic  file  to  be 
loaded.  If  a  schematic  is  currently  in  the  bench  area,  a  warning  will  be  given  to  the  user  with  the  choice  to 
overwrite  the  current  schematic  with  the  contents  of  the  selected  file  or  to  cancel  the  load  request. 
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The  SAVE  option  will  behave  in  a  manner  similar  to  the  LOAD  option.  A  file  selection  box  will  appear  so 
that  the  user  can  select  the  directory  and  file  in  which  he  or  she  can  save  the  current  schematic.  If  the  user  has 
entered  a  filename  that  currently  exists  then  she/he  is  given  a  choice  to  overwrite  the  contents  of  the  selected  file  or 
cancel  the  save  operation.  SAVE  AS  saves  a  file  to  the  last  file  name  entered  by  the  user.  If  no  file  name  has  been 
selected  then  SAVE  AS  behaves  exactly  like  the  SAVE  option. 
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Figure  4.18:  File  selection  window. 

QUIT  is  used  to  exit  the  GUI.  This  command  causes  all  temporary  work  files  to  be  deleted  and  allocated 
memory  to  be  returned  to  the  system.  No  warning  is  given  to  the  user  to  save  an  existing  schematic. 


4.2.3.2  Simulation  Menu 

The  SIMULATION  menu  is  used  to  setup  and  run  a  simulation.  The  RUN  option  is  used  to  initiate  a 
simulation.  The  CLEAR  option  is  used  to  clear  the  schematic  that  is  currently  displayed.  The  SIMULATION 
PARAMETERS  option  produces  a  pop-up  window  (Figure  4.3)  that  contains  the  simulation’s  spatial  sampling  rate, 
the  name  of  the  directory  used  to  store  results,  and  the  name  of  the  directory  that  is  to  be  used  to  store  the 
intermediate  results  of  a  simulation.  The  APERTURES  option  produces  a  pop-up  window  that  contains  a  scrolling 
region  of  aperture  locations  and  sizes.  If  the  user  desires,  a  diagram  of  the  aperture  locations  and  sizes  may  be 
displayed  using  this  option. 


4.2.3.3  Simulation  Parameters  Window 

The  window  shown  in  Figure  4.19  has  five  parameters  that  may  be  modified.  The  sampling  rate  is  the 
spatial  sampling  rate,  in  samples  per  meter,  of  the  current  simulation.  The  number  of  realizations  is  the  number  of 
realizations  that  are  to  be  performed  when  a  simulation  is  run.  This  value  is  usually  used  only  when  a  time  varying 
device,  such  as  a  phase  screen,  is  used  in  a  simulation.  "A.  0.  M.  Frequency  Shift”  is  the  amount  of  shift  in 
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frequency  caused  by  all  of  the  acousto-optic  modulators  in  a  simulation.  The  results  directory  is  the  directory  that 
contains  the  results  of  a  simulation.  Such  results  may  include  the  values  a  detector  recorded  or  errors  that  occurred 
during  a  simulation.  The  temporary  scratch  pad  directory  is  a  directory  that  the  simulation  programs  use  for  holding 
intermediate  results.  This  directory  is  created  automatically,  usually  in  a  section  of  the  file  system  devoted  to 
temporary  files,  such  as  "/tmp”  or  "/scratch." 


Sampling  Length  <m  /  sample)  |Q^0004^ 
Realizations  I 


0*  M*  Freqaency  Shift  (Hz)  |27e£^ 


Simulation  Results  Directory |/usr/hQme/drh/ui/sim_re^ 


Scratch  Pad  Directory  |/tmp/T_Qpt_72^ 


Return  Cane  el 


Figure  4.19:  Simulation  parameters  window. 


4.2.3.4  Aperture  Specification 

Many  devices,  such  as  beamsplitters  and  wave  plates,  can  have  apertures  associated  with  them.  Apertures 
are  used  to  allow  only  a  particular  portion  of  the  input  beam  to  be  processed  by  the  device.  An  aperture  is  also  used 
to  specify  the  location  of  a  device  within  the  area  of  space  undergoing  simulation.  This  is  done  by  creating  an 
aperture  specification  that  is  associated  with  an  aperture  number.  If  no  aperture  is  desired,  the  device's  aperture 
number  is  set  to  zero.  An  aperture  value  of  zero  will  cause  the  entire  512  x  512  input  window  to  be  processed  by  a 
device  and  will  locate  the  device  in  the  middle  of  the  area  of  space  that  is  being  simulated. 

The  aperture  menu  item  produces  a  window  that  may  be  used  to  add,  modify,  and  delete  apertures.  To 
modify  aperture  information,  select  an  aperture  item  from  the  list  in  the  aperture  information  window,  shown  in 
Figure  4.20,  by  clicking  on  the  appropriate  item  with  the  mouse.  The  selected  aperture's  information  will  appear  in 
a  window  under  the  aperture  information  list.  The  user  can  then  modify  this  information  and  press  the  update 
button  to  enter  the  new  information  into  the  aperture  list.  An  aperture  may  be  added  by  specifying  an  aperture 
diameter  that  is  not  zero.  Likewise,  it  may  be  deleted  by  setting  an  aperture's  diameter  to  zero.  The  location  and 
size  of  the  apertures  can  be  viewed  by  pressing  the  "Display  Apertures"  button  in  the  aperture  window.  This  will 
cause  a  window  to  appear  that  will  display  the  current  aperture  settings,  as  shown  in  Figure  4.21. 

The  DEVICES  menu  is  used  to  add  devices  to  the  optical  schematic  area.  When  the  user  selects  a  device, 
an  outline  of  a  device  icon  appears  in  the  bench  area.  The  user  can  then  move  the  icon  outline  to  the  desired 
position  on  the  bench.  When  the  user  clicks  the  left  mouse  button  an  icon  representing  the  selected  device  will  then 
appear  in  the  schematic  area.  The  device  may  be  moved  to  any  other  area  on  the  bench  by  placing  the  mouse 
pointer  over  the  device,  depressing  the  left  mouse  button,  and  dragging  the  device  icon  to  the  desired  location. 
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RETURN  Display  Apertures 


Figure  4.20:  Aperture  maintenance  window. 


A  device  can  be  deleted  by  positioning  the  mouse  cursor  over  the  device  icon  and  pressing  the  right  mouse 
button  twice  while  holding  down  the  shift  key.  Modifications  to  the  devices  characteristics  can  be  performed  by 
pressing  the  right  mouse  button  twice  while  the  mouse  cursor  is  positioned  over  the  device  icon.  This  will  cause  a 
window  to  be  displayed  that  contains  the  device’s  current  characteristics.  Once  the  user  has  modified  the  device’s 
parameters  to  the  desired  values  they  can  be  stored  by  pressing  the  "Return’’  button.  If  the  original  values  are 
desired  pressing  the  ’’Cancel"  button  will  set  the  device's  characteristics  back  to  their  original  values. 

4.2.3. 5  Laser 

The  icon  for  the  laser  simulation  function  is  shown  in  Figure  4.22.  Figure  4.23  shows  the  parameter 
window  that  is  associated  with  the  laser  icon.  The  laser  simulation  function  emits  a  beam  with  a  Gaussian  intensity 
profile  that  is  linearly  polarized  and  of  constant  power  (i.e.,  a  CW  laser).  No  more  than  one  laser  is  allowed _to 
provide  input  to  a  system.  Four  characteristics  can  be  set  with  the  laser:  wave  length  in  micrometers,  power  in 
watts,  the  angle  of  polarization  with  respect  to  the  P  axis  in  degrees,  and  the  laser  beam  spot  size  at  the  beam  waist 
in  micrometers  located  at  the  laser’s  output. 

I 


Laser 

Figure  4.22:  Laser  function  icon. 
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Figure  4.23:  Laser  parameters  window. 


4.2.3.6  Acousto-optic  Modulator 

An  acousto-optic  modulator  sets  a  flag  during  a  simulation  to  indicate  that  the  frequency  of  the  beam  that 
passes  through  the  acousto-optic  modulator  has  been  shifted.  This  frequency  shift  is  only  used  in  the  detector 
model.  The  amount  of  the  shift:  in  frequency  is  set  in  the  simulation  parameters  pop  up  window  and  applies  to  every 
acousto-optic  modulator  in  a  simulation.  More  than  one  acousto-optic  modulator  is  allowed  in  a  path  between  a 
laser  and  a  detector;  however,  this  will  not  shift  the  frequency  of  the  beam  twice  since  all  the  A.  O.  M.  block  does  is 
set  a  flag  indicating  that  a  beam  has  passed  through  an  acousto-optic  modulator.  The  icon  that  represent  an  acousto¬ 
optic  modulator  is  shown  in  Figure  4.24. 
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R.  0.  M. 


Figure  4.24:  Acousto-optic  modulator  icon. 


4.2.3.7  Beamsplitter  (polarizing) 

The  icon  representing  a  polarizing  beamsplitter  is  shown  in  Figure  4.25.  Polarizing  beamsplitters  allow 
only  one  polarization  component  of  the  incident  beam  to  be  transmitted  while  the  orthogonal  polarization 
component  is  deflected.  These  beamsplitters  have  four  parameters  that  must  be  set,  as  shown  in  Figure  4.26, 
Percent  transmittance  is  the  percent  of  incident  power  that  is  not  lost  to  scattering  caused  by  defects  and  impurities 
in  the  beamsplitter.  The  aperture  number  is  the  aperture  associated  with  the  beamsplitter  as  defined  in  the  aperture 
specification  window. 


Figure  4.25:  Polarizing  beamsplitter  icon. 

The  extinction  ratio  of  a  polarizer  is  defined  as  follows.  Two  polarizers  are  aligned  so  that  the  maximum 
amount  of  incident  light  is  transmitted.  The  percentage  of  transmitted  light  is  then  measured  and  recorded.  Next, 
one  of  the  polarizers  is  rotated  90_  so  that  the  minimum  amount  of  incident  light  is  transmitted.  The  percentage  of 
transmitted  light  is  then  recorded. 

The  forward  extinction  ratio  is  this  value  for  the  transmitted  portion  of  the  S  polarization  component  of  the 
beam.  The  side  extinction  ratio  is  the  extinction  ratio  associated  with  the  P  polarization  component  of  the  deflected 
beam.  In  other  words  a  small  forward  extinction  ratio  will  cause  almost  all  of  the  S  component  of  the  incident  beam 
to  be  deflected  and  a  very  small  portion  of  the  S  component  to  be  transmitted.  A  large  forward  extinction  ratio  will 
cause  the  apposite  condition  to  occur. 


Polarizing  Beam  Splitter  Parameters 


Transmittance  <%>  [99 


Forward  Extinction  Ratio  |0,005^ 
Side  Extinction  Ratio  |0.05^  ~ 


Aperture  0 


] 


Return 


Cancel 


Figure  4.26:  Polarizing  beamsplitter  parameter  window. 
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4.2.3.8  Beamsplitter  (non-polarizing) 

The  beamsplitter  function  has  three  parameters  (Figure  4.27):  percent  of  power  deflected  from  the  incident 
beam,  percent  transmittance,  and  an  aperture  number.  If  no  aperture  is  to  be  used  an  aperture  number  of  zero 
should  be  entered.  The  "Percent  of  power  deflected  from  incident  beam"  parameter  indicates  the  percent  of  power 

that  is  deflected  from  the  incident  beam.  If  the  intensity  of  a  beam  entering  a  beamsplitter  is  1  Watt  /  cm^  and  the 
percent  of  power  deflected  from  the  incident  beam  is  60%  then  the  intensity  of  the  transmitted  beam  will  be  0.4 

Watts  /  cm^  and  the  intensity  of  the  deflected  beam  would  be  0.6  Watts  /  cm^.  Percent  transmittance  is  the  percent 
of  incident  power  that  is  not  lost  to  refraction  and  scattering  caused  by  defects  and  impurities  in  the  beamsplitter. 
The  beamsplitter  icon  is  shown  in  Figure  4.28. 


Beam  Sp I i tter 
Figure  4.27:  Beamsplitter  icon. 
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Figure  4.28:  Beamsplitter  parameters  window. 


4.2.3.9  Detector 

A  detector  simulation  function  consists  of  two  devices,  as  illustrated  by  the  detector  icon  in  Figure  4.29,  a 
focusing  lens  and  the  actual  detector  (a  photodiode).  The  parameters  used  for  this  model  are  shown  in  Figure  4.30. 


0 


Detector 

Figure  4.29:  Detector  icon. 
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Focusing  Lens 
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Figure  4.30:  Detector  parameters. 

The  "Target  and  atmosphere  period  of  stability"  is  the  period  of  time,  during  one  realization,  that  the  phase 
screen’s  characteristics  and  target’s  characteristics  remain  constant.  The  "Time  sampling  interval"  is  the  temporal 
sampling  interval  of  the  detector.  If  the  "Target  and  atmosphere  period  of  stability"  is  one  second  and  the  "Time 
sampling  interval"  is  0. 1  seconds  /  sample  then  ten  output  values  will  be  recorded  in  the  detector's  output  value  file 
before  the  characteristics  of  a  phase  screen  or  a  target  will  change.  Unless  two  different  frequencies  of  light  are 
incident  upon  the  detector  the  detector’s  output  will  not  vary  during  a  realization  of  a  simulation. 

The  "Current  responsivity"  is  the  ratio  of  the  RMS  current  out  of  the  detector  to  the  RMS  power  incident 
upon  the  detector  [21].  Because  the  detector  has  a  finite  frequency  response,  a  low  pass  filter  is  used  to  simulate  the 
detector’s  finite  bandwidth.  The  3  dB  point  is  the  half  power  point  of  this  low  pass  filter.  "Detector  Diameter"  is 
simply  the  diameter  of  the  detector’s  surface.  The  "Dark  current"  is  the  DC  current  present  on  the  output  of  the 
detector  with  no  illumination  present  [22].  The  "Current  noise"  is  the  Shot  noise  present  in  the  detector,  as  shown 
in  Figure  4.30. 
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4.2.3.10  Lens 


Figure  4.31  shows  the  icon  for  the  lens  simulation  function.  The  lens  function  has  five  parameters  that 
may  be  set,  as  shown  in  the  lens  parameters  window  in  Figure  4.32.  The  focal  length  is  the  distance  from  the  lens  at 
which  a  collimated  beam  will  converge  to  a  point.  Transmission  is  the  fraction  of  incident  power  that  is  transmitted 
by  the  lens.  The  pan  and  tilt  parameters  only  apply  to  a  lens  that  is  processing  a  non-Gaussian  beam  (i.  e.,  a  beam 
that  has  passed  through  a  phase  screen  or  has  been  reflected  from  a  target). 


Lens 

Figure  4.3 1 :  Lens  icon. 
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Figure  4.32:  Lens  parameters. 

As  shown  in  Figure  4.33,  the  pan  parameter  is  the  angle  between  the  plane  of  the  lens  and  the  x  axis.  The 
tilt  angle  is  the  angle  between  the  plane  of  the  lens  and  the  y  axis.  The  aperture  is  the  aperture  associated  with  the 
lens  as  defined  in  the  aperture  specification  window.  If  no  aperture  is  to  be  used  an  aperture  niunber  of  zero  should 
be  entered. 
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Figure  4.33:  Illustration  of  pan  and  tilt  parameters  of  lens. 


4,2.3,11  Mirror 

No  parameters  have  to  be  entered  for  the  mirror.  This  routine  simulates  a  mirror  with  perfect  reflectance. 
The  icon  for  the  mirror  is  shown  in  Figure  4.34. 


II  i  rror 

Figure  4.34:  Mirror  icon. 


4.2.3.12  Phase  Screen 

The  phase  screen  function  simulates  a  phase  screen  with  a  Kolmogorov  power  spectrum  as  described  in 
chapter  two.  Figure  4.35  shows  the  icon  used  to  represent  a  phase  screen.  The  "Average  spacing  of  columns 
replaced  for  boiling"  parameter  shown  in  Figure  4.36  specifies  the  average  number  of  columns  in  a  phase  screen 
that  are  to  be  replaced  to  simulate  boiling  for  each  temporal  realization.  Boiling  is  the  term  used  to  describe  the 
phases  perturbations  in  a  beam  of  light  passing  through  a  portion  of  the  atmosphere  that  contains  areas  of  random 
density  due  to  different  temperatures.  Therefore,  the  columns  that  are  replaced  are  randomly  chosen  about  a  small 
neighborhood  aroxmd  a  multiple  of  the  value  entered  by  the  user. 


Phase  Scr 

Figure  4.35:  Phase  screen  icon. 
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"Number  of  columns  shifted  for  translation"  specifies  how  many  columns  are  to  be  shifted  in  a  phase 
screen,  for  each  temporal  realization,  to  simulate  the  effects  of  wind  .  If  a  translation  value  of  S  is  specified  by  the 
user  then  S  columns  are  removed  from  the  right  side  of  the  phase  screen  before  each  temporal  realization.  The 
remaining  phase  screen  values  are  then  shifted  to  the  right  and  S  new  columns  are  placed  on  the  left  side  of  the 
phase  screen. 

The  "Structure  constant"  is  the  index  of  refraction  structure  constant  and  can  be  thought  of  as  the  strength 
of  the  phase  screen’s  turbulence.  The  "Spectral  index"  is  the  rate  of  decrease  in  attenuation,  from  low  spatial 
frequencies  to  high  spatial  frequencies,  in  the  Kolmogorov  power  spectrum  that  the  phase  screen  models. 


"Thickness"  is  the  phase  screen’s  thickness  in  meters. 
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Figure  4.36:  Phase  screen  parameters. 


4.2.3.13  Point  Detector 

This  detector,  whose  icon  is  shown  in  Figure  4.37,  will  record  the  intensity  of  the  electric  field  incident 
upon  each  aperture  that  is  less  than  or  equal  to  the  spatial  sampling  interval.  The  only  parameter  for  this  device  is 
the  current  responsivity  as  shown  in  Figure  4.38. 


Pt-  Det. 

Figure  4.37:  Point  detector  icon. 
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Figure  4.38:  Point  detector  parameter  window. 
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4.2.3,14  Signal  Splitter 

This  icon's  name  is  somewhat  misleading.  No  signal  is  actually  split.  A  more  appropriate  name  for  this 
icon  would  be  "Simulation  Space  Splitter".  A  signal  splitter  icon,  shown  in  Figure  4.39,  is  used  when  a  simulation 
needs  to  be  traced  through  two  different  paths  within  the  same  space  being  simulated.  An  example  of  this  is  shown 
in  Figure  4.40.  Light  from  a  laser  is  reflected  from  a  target,  and  the  reflected  light  intensity  is  measured  by  two 
detectors  at  different  locations.  The  signal  splitter  creates  two  separate  propagation  lines  from  the  target  icon  to  the 
detector  icons.  Without  a  signal  splitter  only  one  propagation  line  could  be  drawn  from  the  target  to  a  detector.  If 
only  one  line  could  be  drawn  to  a  detector  then  the  user  would  have  to  run  a  simulation  with  a  detector  in  one 
position,  save  their  results,  specify  a  new  detector  position  and  then  run  another  simulation.  With  a  signal  splitter 
only  one  simulation  would  have  to  be  run.  If  more  than  two  paths  are  required  one  signal  splitter  can  be  used  to 
split  the  output  of  another  signal  splitter. 


Siq.  Splitter 
Figure  4.39:  Signal  splitter  icon. 


Figure  4,40:  Diagram  of  signal  splitter  function. 


4.2,3.15  Target 

The  target  function  adds  an  uncorrelated,  imiformly  distributed,  random  phase,  between  x  and  -x,  where  x 
is  the  maximum  phase  change  specified  by  the  user,  to  the  optical  signal  it  receives.  The  graphical  icon  for  a  taget 
is  Given  in  Figure  4.41  is  The  maximum  phase  change  is  specified  by  the  "Maximum  phase  change  parameter"  as 
shown  in  Figure  4.42.  The  target's  size  is  specified  by  the  "Target  height  and  width  parameter."  If  an  invalid  target 
size  is  entered  for  the  current  spatial  sampling  interval  an  error  message  will  be  displayed  when  the  user  attempts  to 
close  the  target  parameters  window  by  pressing  the  "Return"  button. 
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Target 


Figure  4.41 :  Icon  for  target  function. 


Figure  4.42:  Target  parameter  window. 


4.2.3,16  Wave  Plate 

The  icons  for  the  quarter  and  half-wave  plates  are  shown  in  Figure  4.43.  A  wave  plate  separates  the 
electric  field  of  an  incident  beam  of  light  into  two  orthogonal  components.  One  of  these  components  undergoes  a 
phase  retardation  of  1/4  of  a  wavelength  for  a  quarter-wave  plate  or  1/2  a  wavelength  for  a  half-wave  plate  relative 
to  the  other  orthogonal  component.  This  phase  change  is  due  to  the  fact  that  the  index  of  refraction  along  one 
orthogonal  component  of  a  wave  plate  (the  slow  axis)  is  higher  than  the  index  of  refection  along  the  other 
orthogonal  component. 


1 /'2-wave  Plate  1 /'4-wave  Plate 
Figure  4.43:  Icons  for  half-wave  plate  and  quarter-wave  plate. 

Three  parameters  are  required  in  the  wave  plate  parameter  window  in  Figure  4.44.  The  rotational  angle 
parameter  of  this  function  specifies  the  angle  between  the  wave  plate's  slow  axis  and  the  S  polarization  axis. 
Transmission  is  the  percent  of  incident  power  that  is  transmitted  through  the  wave  plate.  Aperture  number  is  the 
reference  number  of  the  aperture  the  wave  plate  is  to  be  associated  with.  If  no  aperture  is  to  be  used,  a  value  of  zero 
should  be  entered. 


4-41 


WVWVWWVVWWVVVWMVSm^W/WWVVVWWVVSVVW^WVMA^WAA^^VNWAWMWVWWVi/Wti-UVVWmX 


Wave  Plate  Parameters 


Rotational  angle  relative  to  the  P  axis  (rad)  -0*39269^ 
Transmission  iX) 


99. 


Aperture  Number 


0. 


Return 


Cancel 


Figure  4.44:  Wave  plate  parameter  window. 

4.2.3.17  Schematic  Section 

The  optical  schematic  section  of  the  GUI  contains  the  schematic  for  the  current  simulation.  Once  a  device 
is  placed  on  the  bench  by  using  the  DEVICES  menu  it  can  be  connected  to  another  device,  or  the  device’s 
characteristics  can  be  established.  To  connect  one  device  to  another  the  user  clicks  on  the  source  device  and  then  on 
the  destination  device  with  ±e  right  mouse  button.  If  the  user  specified  an  allowable  connection  an  arrow  will 
appear  on  the  screen  in  the  direction  of  specified  propagation.  If  a  connection  can  not  be  established,  an  error 
message  is  displayed  in  a  pop  up  window.  An  example  of  how  devices  are  connected  is  given  in  Figures  4.45  and 
4.46.  Figure  4.45  shows  a  laser  connected  to  a  lens.  However,  it  is  desired  that  the  laser  beam  be  focused  on  the 
target.  By  clicking  on  the  lens  icon  and  then  clicking  on  the  target  icon  with  the  right  mouse  button  a  propagation 
line  is  drawn  from  the  lens  to  the  target,  as  shown  in  Figure  4.46,  Once  the  user  has  placed  a  device  icon  in  the 
desired  location,  the  device  may  be  rotated  by  pressing  the  center  mouse  button  or  by  pressing  the  "r”  key  on  the 
keyboard. 

To  alter  a  device’s  characteristics,  the  user  double  clicks  on  the  device’s  icon  with  the  right  mouse  button. 
A  window  containing  the  device’s  current  characteristics  will  appear.  After  the  user  changes  the  device's 
parameters,  he/she  can  save  them  by  pressing  the  "Return"  button  or  cancel  the  changes  made  by  pressing  the 
"Cancel"  button.  If  invalid  parameters  have  been  entered,  an  error  message  will  appear  informing  the  user  of  his/her 
error  after  the  "Return"  button  has  been  pressed. 


Figure  4.45:  Lens  and  target  not  connected. 
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Figure  4.46:  Lens  and  target  connected. 


4.23.18  Propagation  Line  Characteristics 

To  modify  the  propagation  distance  between  two  devices,  the  user  should  double  click  on  the  propagation 
line  with  the  right  mouse  button.  The  propagation  distance  window,  shown  in  Figure  4.47,  will  appear.  The  new 
propagation  distance  can  then  be  entered  in  the  "Propagation  Distance"  value  area  in  meters. 
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Figure  4.47:  Propagation  line  pop  up  window. 

If  the  user  wishes  to  examine  the  data  produced  by  a  device,  he/she  should  set  the  "Save  data  at  this  node" 
toggle  switch.  This  will  cause  the  electric  field  information  of  the  propagated  beam  to  be  saved  in  a  temporary  file 
when  a  simulation  is  run.  After  a  simulation  is  performed,  the  user  can  then  produce  images  and  graphs  of  the 
propagated  electric  field's  phase  or  intensity. 

4.2.3.19  Displaying  Data 

To  display  or  save  image  information  the  user  should  press  the  image  button  under  the  Intensity,  Phase  or 
Magnitude  prompts  in  the  propagation  line  characteristics  window  shown  in  Figure  4.47,  An  image  information 
window  (Figure  4.48)  will  appear  that  will  allow  either  an  image  to  be  displayed  or  raw  image  data  to  be  saved. 
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The  "Original  S"  and  "Original  P"  prompts  are  used  to  indicate  that  the  user  wishes  to  examine  data  about  the  S 
and/or  P  components  of  a  signal  that  has  not  passed  through  an  acousto-optic  modulator  (i.e.,  a  signal  at  the  laser’s 
original  frequency).  The  "Frequency  shifted  S"  and  "Frequency  shifted  P"  prompts  are  used  to  select  the  S  and  P 
components  of  a  signal  whose  frequency  has  been  shifted  by  an  acousto-optic  modulator.  Once  the  user  has 
selected  the  desired  electric  field  components  the  image  of  these  components  is  displayed  by  pressmg  the  "Display 
Image"  button.  If  the  user  wishes  to  save  raw  data  the  "Save  Image  Data"  button  should  be  pressed.  Selecting  this 
function  will  cause  a  file  selection  box  to  appear,  so  that  the  user  can  specify  the  file  name  that  should  be  used  to 
save  his  or  her  information.  The  data  is  stored  in  binary  format  using  complex  number  format  with  the  first  262144 
values  being  real  numbers  and  the  next  262,144  values  beiag  imaginary.  All  values  are  four  byte  floating  point. 
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Figure  4.48:  Image  information  pop  up  window. 


If  the  user  wishes  to  plot  intensity,  phase,  or  magnitude  information  for  a  row  or  column,  the  appropriate 
button  should  be  pressed  by  the  "Graph"  prompt  of  the  propagation  line  pop  up  window.  A  window  will  then 
appear  (Figure  4.49)  in  which  the  user  can  specify  the  type  of  graph  he  /  she  would  like.  The  row  /  column  number 
can  be  any  value  from  0  to  5 1 1  inclusive.  A  row  or  column  can  be  selected  by  pressing  the  row  /  column  button. 
Pressing  this  button  when  it  is  labeled  "Column"  will  cause  the  label  to  change  to  "Row",  pressing  again  will  change 
to  label  back  to  "Column."  Once  the  user  has  specified  the  appropriate  information,  the  "Plot"  button  can  be  pressed 
to  display  a  graph  of  the  requested  data. 

For  example,  if  a  user  wanted  to  see  an  intensity  plot  of  the  S  and  P  components  of  the  laser  beam  at  a 
point  just  before  the  detector,  as  shown  in  Figure  4.50,  the  user  would  double  click  on  the  propagation  line.  This 
will  cause  a  propagation  line  information  window  to  be  displayed,  as  shown  in  Figure  4.51.  Next,  the  user  would 
set  the  toggle  switch  to  save  the  data  at  this  node,  as  shown  in  Figure  4.51.  Once  a  simulation  has  been  run,  the 
user  would  agaiu  double  click  on  the  propagation  liue  to  display  the  propagation  line  information  window,  but  this 
time  the  user  would  press  the  graph  button  under  the  intensity  prompt.  This  will  cause  a  graph  information  window 
to  appear,  such  as  in  Figure  4.52.  When  the  user  has  specified  the  information  that  they  want  to  see,  the  "Plot" 
button  can  be  pressed  causing  a  graph  of  the  requested  information  to  be  displayed. 
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Figure  4.5 1 :  Propagation  line  information  window  for  line  between  the  laser  and  detector. 


Figure  4.52:  Graph  information  window. 


6 


4.2.3.20  Example  Simulation  of  a  Monostatic  Laser  Radar 

The  following  example  illustrates  how  to  simulate  a  monostatic  laser  radar  system.  The  first  step  is  to  clear 
the  schematic  window  of  the  GUI.  This  is  done  by  choosing  the  "clear  schematic"  option  under  the  SIMULATION 
menu.  A  laser  icon  is  to  be  placed  in  the  schematic  area.  To  do  this  the  user  presses  the  right  mouse  button  while 
the  mouse  pointer  is  positioned  over  the  DEVICES  menu  button.  Next,  while  still  keeping  the  mouse  button 
pressed,  the  user  moves  the  pointer  to  the  "Laser"  text  area  and  releases  the  mouse  button.  An  outline  of  a  icon  box 
will  appear  as  shown  in  Figure  4.53.  The  user  then  moves  the  icon  outline  to  the  desired  position  and  presses  the 
mouse  button.  This  will  cause  the  icon  outline  to  be  replaced  by  the  laser  icon  as  shown  in  Figure  4.54.  By 

pressing  the  center  mouse  button  twice,  the  laser  icon  is  rotated  180^  so  that  it  points  in  the  correct  direction,  as 
shown  in  Figure  4.55. 


IfileI  I  devices  I  1  simulation! 

1  Current  schematic:  | 

1  . .  ■  ■■  .  1 

Figure  4.53:  Icon  outline  displayed  in  schematic  area  prior  to  placement  of  device. 
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Figure  4.54:  Laser  icon  displayed  in  place  if  icon  outline. 


Figure  4.55:  Laser  icon  after  being  rotated  180  . 
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Table  4. 1 :  Monostatic  laser  radar  simulation  parameters. 


Simulation  Parameters 


1 

Laser  Parameters 

F 

Laser  power 

0.1  mW 

Wavelength 


Waist  size 

67.5  um 

Polarization  angle  from  P  axis 

0_ 

Half-wave  Plate  Parameters 

Rotational  angle 

—  Tt/S  radians 

Percent  transmission 


Polarizing  Beamsplitter  Parameters 


Forward  extinction  ratio 


Side  extinction  ratio 

1/20 

Percent  transmission 

99% 

Quarter-wave  Plate  Parameters 

Rotational  angle 


Structure  constant 


Target  Parameters 


Maximum  phase  change 


Height  and  width 


Detector  Focusing  Lens  Parameters 


Focal  length 


Distance  from  detector 


Pan  angle 


Tilt  angle 


Percent  transmission 


Detector  Photodiode  Parameters 


Current  responsivity 


3dB  point 


—711 A  radians 


Percent  transmission 

99% 

Phase  Screen  Parameters 

-10  -2/3 
1.13T0  m 


Thickness 

0.01  meters 

Spectral  index 

-11/3 

0.98  radians 


0.01  meters 


0.07  meters 


0.07  meters 


0  radians 


0  radians 


99% 


0.7  AAV 


27  MHz 


Current  noise 

0.2  pA  /  -Jliz 

Dark  current 

0.5  nA 

Diameter 


150  um 
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Once  the  laser  icon  is  placed  in  the  desired  position,  its  parameters  have  to  be  set.  Placing  the  mouse 
pointer  over  the  laser  icon  and  double  clicking  will  cause  the  laser  parameters  pop  up  window  to  appear.  The  laser's 
wavelength  is  set  to  1  micrometer,  its  power  equals  0.5  milliwatts,  the  beam  waist  spot  size  is  set  to  67.5 
micrometers,  and  the  angle  of  polarization  from  the  P  axis  is  set  to  zero  degrees.  In  addition,  it  should  be  noted  that 
the  laser  beam  starts  at  the  laser's  beam  waist.  Next,  collimating  lenses  are  added  as  shown  in  Figure  4.56.  The 
propagation  distances  are  given  in  Figure  4.62.  All  parameters  for  the  devices  given  in  this  example  are  shown  in 
Table  4,1.  This  table  contains  the  parameters  for  each  device  used  in  this  simulation.  To  set  the  device  parameters, 
the  user  should  position  the  mouse  cursor  over  the  desired  device  icon  and  press  the  right  mouse  button  twice. 
Pressing  the  "Return"  button  in  the  device  parameter  window  will  cause  the  new  parameters  to  be  saved.  Pressing 
"Cancel"  will  set  the  parameters  back  to  their  original  values. 


Because  the  schematic  area  is  too  small  to  accommodate  all  icons  two  mirrors  are  added  after  the 
collimating  lenses.  A  half-wave  plate  is  then  added  after  the  mirrors  as  shown  in  Figure  4.57.  The  half-wave  plate's 
slow  axis  is  at  an  angle  of  22. 5_  with  the  S  axis  so  that  the  laser  light  is  linearly  polarized  at  a  45_  angle  with  respect 
to  the  S  and  P  axes.  A  polarizing  beamsplitter  is  then  inserted  after  the  half-wave  plate  so  that  part  of  the  laser  light 
IS  diverted  to  act  as  a  local  oscillator  signal.  Following  this  an  acousto-optic  modulator  is  added  in  Figure  4.58  so 
that  the  returned  signal's  frequency  can  be  used  to  determine  if  the  target  is  moving  away  or  toward  the  ladar. 

Next,  a  polarizing  beamsplitter  -  quarter-wave  plate  combination,  shown  in  Figure  4.59,  is  added  to  act  as 
an  optical  switch  that  will  transmit  the  target  signal  while  deflecting  the  returned  signal  toward  the  ladar's  detector. 
The  quarter-wave  plate  then  converts  the  linearly  polarized  light  to  circularly  polarized  light.  The  returned  signal  is 
then  passed  through  the  quarter- wave  plate  again,  where  the  polarization  is  change  from  circular  to  linear  along  the 
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S  axis.  Because  the  returned  signal  is  now  polarized  along  the  S  axis  the  polarizing  beamsplitter  will  the  deflect  the 
returned  signal  toward  the  detector. 

Beside  having  to  set  the  beamsplitter  and  quarter-wave  plate  characteristics,  an  aperture  must  be  assigned 
to  each  of  these  devices.  To  do  this  the  user  selects  the  "Apertures"  option  under  the  "Simulation"  menu.  This  will 
cause  an  aperture  specification  window  to  appear.  Because  this  is  a  simulation  of  a  monostatic  laser  radar  only  one 
aperture  needs  to  be  specified.  This  aperture  is  to  be  located  in  the  center  of  the  area  of  space  being  simulated  and 
has  a  diameter  of  0.01  meters.  To  set  the  aperture  the  user  clicks  on  the  element  in  the  aperture  specification  that  is 
associated  with  the  desired  aperture  number  using  the  mouse.  For  this  simulation,  aperture  number  one  will  be  used 
so  the  user  highlights  the  first  aperture  entry  in  the  aperture  specification  list.  This  will  cause  the  associated  aperture 
information  to  appear  in  an  area  under  the  aperture  list  that  may  be  modified  by  the  user.  Once  the  user  has  entered 
the  desired  location  and  size  of  the  aperture  the  "Load"  button  is  pressed  and  the  new  aperture  information  is  entered 
into  the  aperture  information  list.  If  the  user  wishes  to  see  a  graphical  view  of  the  location  and  size  of  the  currently 
active  apertures  they  can  press  the  "Display  Aperture"  button  in  the  aperture  specification  window  to  display  a 
diagram  of  the  current  apertures.  A  phase  screen  is  then  added  to  simulate  the  turbulence  of  the  atmosphere.  After 
traveling  though  the  phase  screen  the  signal  is  deflected  from  the  target  back  through  the  phase  screen  to  the  ladar  as 
illustrated  in  Figure  4.60.  This  returned  signal  is  deflected  by  the  polarizing  beamsplitter  and  a  mirror  toward  a 
beamsplitter  that  is  used  to  combine  the  local  oscillator  signal  with  the  returned  signal.  Finally,  this  signal  is 
focused  and  heterodyned  in  the  detector  icon  as  shown  in  the  final  layout  of  the  monostatic  laser  radar  system  in 
Figure  4.61. 


Figure  4.57:  Polarizing  beamsplitter  inserted  to  create  a  target  and  local  oscillator  signal. 


4-51 


lilKi 


Figure  4.60:  Returned  ladar  signal  passing  back  through  a  phase  screen  to  the  ladar. 


M  \  rror  Lwnm  Lens  L*Sf  r 

Figure  4.61 :  Schematic  diagram  of  a  monostatic  laser  radar. 

Before  a  simulation  can  be  run  the  spatial  sampling  interval  and  the  frequency  shift  caused  by  the  acousto¬ 
optic  modulator  have  to  be  specified.  This  is  done  in  the  simulation  parameters  window  (Figure  4.62)  which 
appears  when  the  user  selects  the  ’’Simulation  Parameters"  option  in  the  "SIMULATION"  pull  down  menu.  The 

simulation  can  now  be  run  by  selecting  the  "Run"  option  under  the  "SIMULATION"  menu.  The  "Run"  option  of 

the  simulation  pull  down  menu  will  stay  highlighted  as  long  as  a  simulation  is  running.  When  a  simulation  is 

finished  the  "SIMULATION"  pull  down  menu  will  disappear.  In  the  next  section,  several  different  examples  of 
using  the  laser  radar  simulator  will  be  presented. 


Simulation  Parameters 


Sampling  Length  <m  /  sample)  |0>0004^  | 

Realizations  |l^  | 

A.  0.  M.  Frequency  Shift  <Hz>  |27e6^  | 

Simulation  Results  Pi  rectory  [^^sr/home/drh/ui/sim_re^' 
Scratch  Pad  Directory  |/tmp/T_opt_1191^ 


Re-turn 


Cancel 


Figure  4.62:  Simulation  parameters  window. 


4.2.4  Experiments  Performed  With  Laser  Radar  Simulator 

This  section  presents  three  sets  of  simulation  experiments  performed  with  the  laser  radar  simulator 
discussed  in  the  previous  sections  [23]  [24].  The  first  simulation  produces  both  fully  and  partially  developed 
speckle  and  examines  the  speckle  statistics  of  each.  The  statistics  for  fully  developed  speckle  are  then  compared 
with  theory  from  Goodman  [23].  The  second  simulation  calculates  the  radial  intensity  fluctuations  of  a  Gaussian 
beam  passing  through  a  Kolmogorov  phase  screen  and  compares  the  results  with  theory  from  Miller  et  al  [17]. 
The  third  simulation  verifies  the  operation  of  a  multiple  aperture  laser  radar  system.  Intensity  images  are  obtained 
at  several  locations  throughout  the  laser  beam  propagation  path. 

4.2.4.1  Speckle  Simulations 

Figme  4.63  gives  the  geometrical  layout  used  to  generate  both  fully  and  partially  developed  speckle.  For 
all  of  these  simulations,  the  first  step  in  producing  speckle  is  to  create  an  object  with  a  diffuse  surface.  The  object 
shape  used  for  all  speckle  simulations  is  a  square.  The  diffuse  reflectance  of  the  square  is  modeled  by  allowing  its 
surface  to  possess  spatially  imcorrelated,  uniformly  distributed  random  height  variations.  These  height  variations 
introduce  a  random  phase  between  -q  and  q  to  the  propagating  wave  that  is  incident  upon  the  square  aperture.  The 
value  of  q  chosen  depends  on  the  amount  of  scattering  desired.  The  square  has  a  reflectance  of  1,  so  when  an 
incident  wave  strikes  it,  the  portion  of  the  wave  that  lies  within  the  boundaries  of  the  square  has  its  phase 
randomized  with  no  change  introduced  onto  the  electric  field  magnitude. 

The  second  step  iu  producing  speckle  is  to  propagate  the  diffuse  object  into  the  observation  (a,  b)  plane. 
If  the  far  field  diffraction  pattern  is  desired,  the  Fourier  transform  of  the  square  aperture  is  computed.  A  list 
parameters  used  to  produce  fully  developed  speckle  in  the  far  field  is  given  in  Table  4.2. 
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Figure  4.63:  Experimental  setup  for  the  generation  of  speckle. 


Table  4.2:  Parameters  used  in  probability  density  function  verification. 


Sampling  interval  in  object  plane 

1  .0004  m 

Wavelength  of  incident  light 

1  1  i^m 

_ 1 _ 

Propagation  distance 

;  4800  m 

Sampling  interval  in  image  plane 

1  .0234  m 

Object  shape 

1  square 

1  -  -  - 

Object  side  length 

1  1.8  cm 

Peak  to  peak  phase  of  random  object 

I  2% 

Object  reflectivity 

\  1 

Electric  field  strength  of  incident  light 

j  1  V/m 

The  fully  developed  speckle  is  produced  using  the  setup  in  Figure  4.63  in  conjunction  with  the 
parameters  in  Table  4.2.  Once  the  simulated  pdfs  are  found  from  the  speckle,  they  are  compared  to  theory.  The 
intensity  distribution  of  one  example  speckle  pattern  generated  using  the  laser  radar  simulator  is  shown  in  Figure 
4.64.  Figure  4.64  was  produced  by  scaling  the  original  intensity  image  located  in  the  (a,  b)  plane  to  gray  levels 
between  0  (black)  and  255  (white).  When  scaling  the  original  intensity  image,  it  was  noted  that  the  minimum 
intensity  value  was 


-15 

..  ,  2 

I  .  =3.270-10 

W  /  m  , 

(4.80) 

mm 

the  maximum  intensity  was 

-8 

,  2 

I  =  2.932-10 

W/m  , 

(4.81) 

max 

and  the  mean  intensity  value  was 

-9 

,  2 

I  =  2.992-10 

mean 

W/m  . 

(4.82) 
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Figure4.64:  11.98mby  11.98  m  far  field  intensity  pattern  produced 
from  the  1.8  cm  by  1.8  cm  diffuse  square. 


According  to  Goodman  [23],  the  pdf  of  the  intensity  of  fully  developed  speckle  should  be  negative 
exponential. 


-I 


(4.83) 


where  (l)  denotes  the  mean  of  the  intensity.  Figure  4.65  shows  the  resultant  pdf.  Also  shown  is  the  theoretical 
pdf  predicted  by  Goodman  [23].  The  theoretical  pdf  is  generated  by  calculating  the  mean  value  of  the  gray  level 
image  in  Figure  4.64  and  using  this  value  for  <I>  in  Equation  (4.83).  Equation  (4.83)  is  then  evaluated  at  all  gray 
level  values  from  0  to  255.  The  final  step  in  generating  the  theoretical  pdf  is  to  scale  the  domain  so  that  it  ranges 
from  to  Imax  excellent  agreement  shows  that  the  speckle  intensity  possesses  the  statistics 

expected  for  fully  developed  speckle  verifying  the  propagation  and  the  diffuse  models  used  in  the  laser  radar 
simulator. 


Intensity 
Mean  intensity 

Figure  4.65:  Comparison  of  simulated  and  theoretical  pdfs  for  the  intensity 
of  fully  developed  speckle. 
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According  to  Goodman  [23],  the  electric  field  magnitude  of  fully  developed  speckle  should  follow  a 
Rayleigh  distribution: 


P(E) 


n 


(4.84) 


where  (E)  is  the  mean  value  of  the  electric  field  amplitude.  As  with  the  intensity  pdf,  the  simulated  electric  field 
pdf  is  constructed  by  first  scaling  the  electric  field  values  between  0  and  255.  The  pdf  for  these  electric  field 
values  is  then  computed  and  scaled  so  that  it  has  a  domain  of  the  E  /<E>  analogous  to  the  intensity  pdf  in  Figure 
4.65.  To  generate  the  theoretical  pdf  from  Equation  (4.84),  the  value  of  <E>  is  replaced  with  the  mean  electric 
field  and  Equation  (4.84)  is  then  evaluated  for  all  gray  level  values  from  0  to  255.  The  pdf  is  then  scaled  so  that 
the  domain  ranges  from  EjniQ/<E>  to  simulated  and  theoretical  plots  are  both  shown  in  Figure 


4.66.  The  excellent  agreement  between  the  simulation  and  theory  shows  that  the  simulation  is  correctly  predicting 
the  statistics  of  the  electric  field  for  fully  developed  speckle. 


Figure  4.66:  Simulated  and  theoretical  pdfs  for  the  electric  field  magnitude  of  fully 
developed  speckle. 

The  final  statistics  that  are  compared  to  theory  is  for  the  phase  of  fully  developed  speckle.  Goodman  [23] 
states  that  the  phase  of  fully  developed  speckle  should  follow  a  uniform  distribution  law: 

—  0  <  e  <  271, 

271  .  (4.85) 

[0  0<Oor0>27T 


The  simulated  pdf  for  the  phase  is  calculated  in  the  same  basic  manner  as  the  simulated  pdfs  for  the  intensity  and 
electric  field  magnitude.  The  difference  is  that  before  the  phase  is  scaled  between  0  and  255,  extra  multiples  of 
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2p  must  be  added  or  subtracted  as  needed  to  assure  that  all  phase  values  are  in  the  range  [0,27l).  Figure  4.67 

shows  the  simulated  and  theoretical  pdFs  for  the  phase  of  fully  developed  speckle.  This  shows  that  the  statistics 
of  the  phase  in  the  simulated  speckle  agrees  with  theory. 


0.2 

0.18 

0.14 

- 

0.12 

- 

- 

Line  represents  the  theoretical 

probability  density  function 

0,08 

- 

- 

0.06 

Points  represent  the  calculated 

probability  density  function 

0.04 

- 

0.02 

- 

- 

0 

0 
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7 

Phase  (radians) 

Figure  4.67:  Simulated  and  theoretical  pdfs  for  the  phase  of  fully  developed  speckle. 

4.2.4.2  Simulation  of  partially  developed  speckle 

The  previous  section  compared  simulated  statistics  of  fully  developed  speckle  with  the  theoretical 
predictions.  In  this  section,  the  intensity  pdf  of  partially  developed  speckle  will  be  presented  along  with  a 
discussion  of  the  differences  from  that  of  fully  developed  speckle.  To  accomplish  this  task,  two  examples  of 
partially  developed  speckle  are  produced  using  the  setup  illustrated  in  Figure  4.63.  This  simulation  uses  the 
parameters  listed  in  Table  4.2  except  the  for  peak-to-peak  phase  of  the  object  is  changed  from  2p  to  1.7p.  This 
corresponds  to  spatially  uncorrelated  random  phases  between  -.85p  and  .85p  residing  on  the  surface  of  the  square 
object.  Reducing  the  peak-to-peak  phase  fluctuations  of  a  diffuse  object  effective  make  the  object  smoother.  The 
second  simulation  uses  the  same  parameters  as  the  first  simulation,  except  the  size  of  the  square  aperture  is 
reduced  to  1.24  cm  by  1.24  cm,  and  the  peak-to-peak  value  of  the  phase  fluctuations  is  reduced  to  1.25p  radians. 


Figure  4.68:  1 1.98  m  by  1 1.98  m  intensity  image  of  partially  developed  speckle  produced  by  propagating 
a  1.8  cm  by  1.8  cm  diffuse  square  into  the  far  field. 
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The  intensity  image  resulting  from  propagating  the  1.8  cm  by  1.8  cm  square  aperture  into  the  (a,  b)  plane 
is  shown  in  Figure  4.68.  As  can  be  seen,  the  specular  part  of  the  image  is  located  in  the  center  of  the  window. 
This  corresponds  to  the  central  lobe  in  the  diffraction  pattern  produced  by  the  square  shape  of  the  object.  This 
bright  central  lobe  is  surroimded  by  dim  speckles.  The  lowest  intensity  was  found  to  be 

I  .  =1.780-10"^^  W/m^.  (4.86) 

mm 

while  highest  intensity  was 

I  =  1.389-10^^  W/m^.  (4.87) 

and  the  mean  intensity  was 

Iinean=  2-987 -10'^  W/m^  (4.88) 

Using  the  values  in  Equations  (4.86)  -  (4.88),  the  intensity  pdf  vs.  I/Imean  calculated  from  the  intensity 

image  in  Figure  4.68.  The  result  is  shown  in  Figure  4.69. 


Figure  4.69:  The  pdf  for  partially  developed  speckle  produced  by  a  1.8  cm  by  1.8  cm  square  aperture. 

The  pdf  in  Figure  4.69  does  appear  to  be  negative  exponential  for  very  small  values  of  however 

the  pdf  extends  out  much  further  than  the  one  for  the  fully  developed  speckle  in  Figure  4.65  due  to  the  specular 
component  that  is  present.  Notice  that  the  domain  in  Figure  4.65  extends  out  to  10  while  the  domain  in  Figure 
4.69  extends  out  to  50. 

The  gray  "level  image  produced  from  the  propagation  of  the  1.24  cm  by  1.24  cm  square  aperture  into  the 
(a,  b)  plane  is  shown  in  Figure  4.70.  By  making  the  object  smaller  in  the  second  simulation  and  propagating  the 
same  distance,  the  specular  image  is  made  larger.  As  can  be  seen  in  Figure  4.70,  the  specular  part  occupies  a 
larger  fraction  of  the  total  image  when  compared  to  Figure  4.68. 
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Figure  4.70:  1 1 .98  m  by  1 1 .98  m  intensity  image  of  partially  developed  speckle  produced 
by  propagating  a  1.24  cm  by  1.24  cm  diffuse  square  into  the  far  field. 

Figure  4,71  show  the  pdf  derived  from  the  intensity  image  given  in  Figure  4.70.  Its  shape  is  similar  in 
appearance  to  the  pdf  in  Figure  4.69  except  for  a  shift  towards  the  higher  intensities  due  to  larger  spatial  region 
being  occupied  by  the  specular  component.  This  is  most  notable  in  Figure  4.71  for  the  range  of  values  within  of  5 
and  200.  As  can  be  seen,  the  effect  of  decreasing  the  size  of  the  semi-smooth  object  along  with  reducing  the  peak- 
^o-poak  phase  fluctuations  has  made  the  specular  image  more  predominant  in  the  resultant  pdf. 


Figure  4.7 1 :  1 1 .98  m  by  1 1 .98  m  gray  level  intensity  image  of  partially  developed  speckle  produced  by 
propagating  a  1.24  cm  by  1.24  cm  diffiise  square  into  the  far  field. 

4.2.4.3  Experiments  demonstrating  evolution  of  speckle  with  propagation  distance 

This  sub-section  demonstrates  how  speckle  patterns  evolve  with  increasing  propagation  distance.  With 
reference  to  Figure  4.2,  several  intensity  images  will  be  obtained  by  varying  the  distance  between  the  diffuse 
object  and  the  observation  plane.  The  simulation  parameters  used  to  produce  the  intensity  data  are  taken  directly 
from  Table  4.2,  with  the  exception  of  the  propagation  distance.  The  propagation  distance  was  varied  z  =  10  m,  z  = 


20  m,  z  =  30  m,  z  =  60  m,  z  =  70  m,  and  finally,  z  =  80  m.  An  image  of  the  initial  object  will  also  be  presented. 
Figure  4.72(a)  shows  a  512  X  512  image  of  the  initial  object.  The  remaining  images  are  presented  in  order  from 
10m  to  80  m. 

When  comparing  the  intensity  images,  it  is  seen  that  certain  features  remain  constant  as  the  diffraction 
pattern  grows  with  increased  propagation  distance.  This  is  especially  tme  for  the  larger  propagation  distances. 
This  is  because  for  larger  propagation  distances,  the  diffraction  pattern  approaches  the  far  field  result.  It  is 
interesting  to  note  that  for  any  propagation  distance  that  satisfies  the  Fraunhofer  condition,  the  resultant  diffraction 
pattern  will  never  change  in  shape.  Only  the  scaling  will  change. 

4.2.4.4  Gaussian  Moments  Experiments 

The  second  group  of  simulated  experiments  presented  here  are  the  Gaussian  moments  simulations.  The 
goal  of  these  simulations  is  to  obtain  the  radial  fluctuation  statistics  of  a  Gaussian  beam  passing  through  a  time 
correlated  Kolomogorov  phase  screen.  Once  the  radial  fluctuation  statistics  are  computed  from  the  raw  intensity 
data,  they  are  compared  with  theory  from  Miller  et  at.  [17].  The  first  step  in  constructing  the  simulation  given  in 
Figure  4.73  is  to  place  a  laser  in  the  simulation  layout  area  to  create  a  Gaussian  beam  of  a  given  power, 
wavelength,  and  beam  waist.  The  second  step  is  to  propagate  the  Gaussian  beam  to  the  phase  screen.  Once  the 
beam  is  propagated  to  the  phase  screen  plane,  the  laser  radar  simulator  creates  a  single  phase  screen  realization  of 
a  given  thickness  and  turbulence  strength.  The  corrupted  Gaussian  beam  is  then  propagated  to  the  detector  plane. 
Finally,  the  detector  takes  intensity  readings  starting  at  the  optic  axis  of  the  system  and  extending  out  in  a  radial 
direction.  This  is  illustrated  in  Figure  4.74. 


Figure  4.72(a):  Intensity  image  of  a  diffuse  Figure  4.72(b):  Intensity  image  of  a  diffuse 

object  before  propagation.  object  propagated  10  m. 
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Figure  4.72(c):  Intensity  inaage  of  a  diffuse  Figure  4.72(d):  Intensity  image  of  a  diffuse 

object  propagated  20  m.  object  propagated  30  m. 


Figure  4.72(e):  Intensity  image  of  a  diffuse  Figure  4.72(f):  Intensity  image  of  a  diffuse 

object  propagated  60  m.  object  propagated  70  m. 
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These  dots  represent 


radial  point  detectors. 

The  point  detectors 


begin  at  the  optic  axis. 


rX 


This  square  represents  the 
512'X  512  wave  incident  on 


the  detector. 


Figure  4.74:  Illustration  of  a  point  detector  arrangement  in  the  detector  plane. 


The  radial  intensity  measurements  are  taken  in  the  same  positions  for  each  successive  phase  screen 
realization.  Figure  4.75  shows  a  flowchart  that  illustrates  the  process  of  gathering  intensity  measurements  for 
multiple  phase  screen  realizations.  Using  this  framework,  the  simulated  intensity  fluctuations  can  now  be 
compared  with  theory.  Each  intensity  realization  is  generated  by  propagating  a  Gaussian  beam  through  a 
translating  phase  screen,  and  then  computing  the  resultant  intensity  patterns  in  the  detector  plane.  This  is  done  to 
illustrate  the  effect  that  a  translating  phase  screen  has  on  the  incident  Gaussian  beam.  Successive  phase  screen 
realizations  are  created  by  introducing  a  certain  amount  of  translation  and/or  boil  between  the  successive  phase 
screen  realizations.  Referring  to  Figure  4.75,  a  Gaussian  beam  of  radius  .00943  m  and  phase  curvature  of  24398.3 
m  is  incident  on  the  phase  screen.  The  phase  screen  has  a  thickness  of  1  cm  and  an  index  of  refraction  structure 
2  -10  -2/3 

constant  of  C^=  1.0-10  m  Once  the  Gaussian  beam  passes  through  the  phase  screen,  it  is 

propagated  13.4  m  to  the  detector  plane.  Figure  4.76  shows  the  degraded  beam  as  it  appears  in  the  detector  plane. 
To  demonstrate  the  effect  that  a  translating  phase  screen  has  on  the  intensity  pattern  in  the  detector  plane,  a  new 
phase  screen  realization  is  created  by  shifting  5. 
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Generate  next  phase 
screen  realization  by 
introducing  a  specified 
amount  of  translation 
and/or  boil  relative  to 
previous  screen. 


This  loop  will  repeat 
for  the  specified 
number  of  realizations. 


Propagate  corrupted 
beam  to  detector  using 
fi-ee  space  propagation. 


Loop  terminates  here 
when  specified  number 
of  realizations  is 
completed. _ 


Take  intensity  readings 
at  point  detectors.  Data 
is  stored  in  2D  array 
indexed  by  radial 
position  and  realization 
number. 


Figure  4.76:  Intensity  image  for  a  single  phase  screen  realization  in  the  detector  plane. 
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As  previously  stated,  the  goal  of  this  simulation  is  to  compare  the  simulation  results  with  the  theory 
predicted  by  Miller  [17].  From  Miller  the  equation  describes  the  normalized  off-axis  intensity  variance  divided  by 
the  normalized  on-axis  intensity  variance  is  defined  as 


=  1  + 


3.86 


4.42 

[l  +  a] 

|.40  •  [(1  +  20)^  +  4A^  •  cos 

■5  ,ri  +  20V 
1  2A  Jj 

-^A^/4 

16  J 

(4.89) 


where 


0  =  1  + 


JL 

R’ 


a 


1.0  +  .083- 


(4.90) 

(4.91) 

(4.92) 


W  and  R  are  the  waist  and  radius  of  curvature  of  the  laser  beam  at  the  detector  plane,  k  is  the  wavenumber,  and  L 
is  the  distance  from  the  phase  screen  to  the  detector  plane.  This  equation  was  derived  with  the  assumption  that  the 
intensity  statistics  are  in  the  weak  turbulence  regime.  The  reason  that  the  simulated  data  is  compared  with  the 

theoretical  values  of  (r)/  (0)  is  that  forming  this  ratio  normalizes  out  the  parameter.  This  makes  the 

theoretical  quantity  independent  of  as  along  as  the  weak  scattering  approximation  is  satisfied.  With  a  =  0  in 
Equation  (4.89),  the  theoretical  equation  is  valid  only  for  radial  distances  very  close  to  the  optic  axis.  The  a 
parameter  (  defined  in  Equation  (4.89) )  is  included  so  that  the  simulated  and  theoretical  fluctuation  statistics  can 
be  compared  out  to  distances  close  to  W  (defined  above).  The  parameter  a  is  an  additional  fourth  order  correction 
which  was  not  originally  part  of  Equation  (4.89). 

To  compare  simulation  results  with  the  theoretical  equation  given  in  Equation  (4.89),  the  normalized 
variance  as  a  function  of  radial  distance  is  computed 


Kr)  = 


1  2 
P  n=l _ 

[mean(r)] 


(4.93) 


where 


1  ^ 

mean(r)  =  --^I(n,r), 
^  n==l 


(4.94) 


b  =  number  of  time  realizations,  r  =  distance  from  optic  axis,  and  I(n,  r)  represents  the  raw  intensity  data  collected 
from  the  laser  radar  simulator.  Next,  the  normalized  off  axis  variance  is  divided  by  the  normalized  on  axis 
variance 

Q(r)2  =2^-  (4.95) 

<^v(0) 
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The  parameters  used  by  the  laser  radar  simulator  for  this  simulation  is  listed  in  Table  4.3.  Figme  4.77 
2  2 

shows  a^(r)/ CJ2^(0)  for  the  simulated  data  and  compares  it  to  the  theoretical  curve  given  by  Equation  (4.89). 

The  domain  in  Figure  4.77  is  the  radial  distance  from  the  optic  axis  in  the  detector  plane  normalized  by  W.  When 
the  domain  value  is  equal  to  1,  the  radial  distance  from  the  optic  axis  is  equal  to  the  beam  waist  of  the  tmcormpted 
Gaussian  beam  incident  on  the  detector. 


Table  4.3:  List  of  simulation  parameters  with  sample  values 


Laser  power 

\  50  mW 

Wavelength 

1  1  |im 

1 

Gaussian  beam  radius  at  detector  (W) 

1  1.509  cm 

Gaussian  beam  phase  curvature  at  detector  (R) 

j  5.872-10^  m 

Gaussian  beam  confocal  parameter 

1  715.400  m 

Simulation  sampling  interval 

1  1.614-10^  m 

Laser  to  phase  screen  distance 

1  13.4  m 

Spectral  index 

[  -11/3 

Phase  screen  thickness 

{  1  cm 

Number  of  columns  shifted  for  translation  (multip) 

1  ^ 

Number  of  realizations  (b) 

j  900 

Frequency  of  columns  replaced  for  boiling  (boilskip) 

1  ^ 

Index  of  refraction  structure  constant  (C  ) 

— 1 - — Tip - 

J  1.0-10  m 

j 

Phase  screen  to  detector  distance  (L) 

1  13.4  m 

Area  of  point  detector 

1  2 
j  2.605-10  m 

Examining  Figure  4.77,  there  is  good  agreement  between  the  simulated  result  and  both  of  the  theoretical 
curves.  However  at  radial  distances  greater  than  W,  the  simulated  curve  grows  much  faster  than  either  theoretical 
curve.  This  is  in  part  because  more  higher  order  terms  are  needed  in  Equation  (4.89)  for  large  radial  distances. 

2  2 

The  real  difficulty  in  Figure  4.77  is  that  <7^(r)/  C7^(0)  is  seen  to  drop  below  1  for  distances  very  close  to  the 
optic  axis.  According  to  Equation  (4.89),  this  should  never  happen. 
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Beam  waist  of  uncorruped  mode  at  detector 


Figure  4.77:  Simulated  and  theoretical  results  for  the  simulation  parameters  given  in  Table  4.2. 


4.2.4.5  Demonstration  of  Multiple  Aperture  Laser  Radar  Simulation 

The  laser  radar  that  is  simulated  is  a  two  aperture  system  which  illuminates  a  rough  target  through  a 
single  phase  screen  realization.  The  primary  results  of  this  simulation  will  be  the  AC  beat  signal  for  each  aperture, 
and  the  intensity  images  at  various  points  in  the  laser  beam  propagation  path.  These  images  will  illustrate  such 
effects  as  phase  screen  perturbations  and  diffraction  effects.  Along  with  the  intensity  images,  one-dimensional 
slices  of  the  electric  field  will  be  given. 

The  simulated  experimental  setup  for  the  multiple  aperture  radar  is  illustrated  in  Figure  4.78.  This  figure 
includes  the  arrangement  of  all  components,  in  addition  to  the  component  spacing  where  required.  Dif&action  is 
neglected  for  the  signal  wave  from  the  point  it  enters  either  receiving  aperture  up  until  it  is  focused  onto  the 
detector.  Once  the  laser  beam  leaves  the  transmitting  aperture,  it  propagates  40  m  to  a  phase  screen.  The  beam 
then  passes  through  a  phase  screen,  and  then  illuminates  a  rough  circular  target.  The  beam  reflects  off  the  target, 
and  is  then  propagated  back  to  the  receiving  apertures  through  the  phase  screen.  As  indicated  in  Figure  4.78,  the 
local  oscillator  beam  that  is  used  by  the  monostatic  aperture  is  also  used  by  the  bistatic  aperture. 
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Detector 


Lens 


.07  m 


The  local  oscillator  field  that  isj 
mixed  with  the  signal  in  this 
aperture  is  the  same  local 
oscillator  field  that  is  used  in 
the  monostatic  aperture. 
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Figure  4.78:  Simulated  experimental  setup  for  the  demonstration  of  the  multiple  aperture  laser  radar  simulation. 

The  target  used  in  this  simulation  is  a  disk  of  4  cm  in  diameter.  The  disk  surface  is  composed  of  spatially 
uncorrelated,  uniformly  distributed  phase  variations  between  -.98  radians  and  .98  radians.  The  peak-to-peak 
phase  variations  of  1.96  radians  will  not  produce  fully  developed  speckle  because  the  scattering  is  too  weak. 
Figure  4.79  shows  a  two-dimensional  picture  of  the  target.  This  picture  was  constructed  by  scaling  the  phase 
variations  to  integer  values  between  0  (black)  and  255  (white).  The  parameters  used  to  define  each  optical 
component  is  given  in  Table  4.4. 


Figure  4.79:  Picture  showing  the  target  used  in  the  simulation.  The  target  is  4  cm  in  diameter. 
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Table  4.4(a):  Laser  specifications. 


Laser  power 

J  5inW 

Laser  wavelength 

1  1  mm 

1 .  .  . — 

Laser  waistsize 

I  67.5  mm 

Laser  polarization 

I  Linear  along  P  axis 

Spatial  sampling  interval 

1  400  mm 

. . . . 

Table  4.4(b):  Half-wave  plate  (HWP)  specifications. 


Angle  between  slow  axis  and  S  axis 

1  -p/8 

1  - 

Power  transmission 

J  .99 

_ 1 _  ■  '  ■■■  — "  "  . — 

Table  4.4(c):  Specifications  for  all  polarizing  beamsplitters  (PBS)  in  simulation. 


Forward  extinction  ratio 

;  1/200 

Side  extinction  ratio 

j  1/20 

Power  transmission 

1  .99 

_ 1 _ _ _ 

Table  4.4(d):  Specifications  for  all  quarter-wave  plates  (QWP)  in  simulation. 


Angle  between  slow  and  S  axis 

;-p/4 

Power  transmission 

1^99 

Table  4.4(e):  Specifications  for  non-polarizing  beamsplitter  (NPBS). 


Power  splitting  ratio 

1-5 

Power  transmission 

[^9 

Table  4.4(f):  Specifications  for  phase  screen. 


c: 

‘  -10  -2/3 

1  1.13-10  m 

_ I _  - _ — - 

Spectral  index 

J  -11/3 

_ 1 _ _ _ 

Screen  thickness 

1  .01m 

Focal  length 

1  .07  m 
[ 

Lens  to  detector  distance 

1  .07  m 

Diameter 

1  .01  m 

Pan  angle 

[o 

Tilt  angle 

1  0 

_ [  _  -  — __ 

Power  transmission 

1^99 
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Table  4.4(g):  Specifications  for  monostatic  and  bistatic  detectors. 


Detector  shape 

j  circular 

Detector  diameter 

1  150  mm 

I 

Sampling  frequency 

1  864  MHz 

I  ,  . . . 

3dB  point 

1  27  MHz 

1  .... 

Dark  current 

1  .5nA 

Current  noise 

1  .2  pA/VHz 

Responsivity 

j  .7  AAV 

_ 1 _ 

Now  that  the  specifications  for  the  entire  simulation  have  been  defined,  the  intensity  images  and  electric 
field  slices  will  be  given  at  different  points  in  the  simulation.  In  order  to  help  organize  the  material  flow  better,  all 
of  the  iatensity  images  will  be  presented  first,  followed  by  the  electric  field  slices.  Every  two-dimensional 
intensity  image  presented  here  is  the  S  polarization  component  scaled  between  0  and  255.  The  first  intensity 
image  is  shown  in  Figure  4.80.  This  is  the  Gaussian  beam  as  it  exits  the  monostatic  aperture  through  the  quarter- 
wave  plate.  In  order  to  give  a  visualization  of  what  the  phase  screen  looks  like  in  two  dimensions,  Figure  4.81 
shows  the  entire  512  X  512  phase  screen  with  the  spatial  phase  perturbations  scaled  0  to  7i  between  0  and  255. 
The  Gaussian  beam  then  propagates  through  the  phase  screen  where  it  is  distorted  by  an  amount  depending  on  the 
index  of  refraction  structure  constant  and  the  thickness  of  the  screen.  Figure  4.82  shows  the  two-dimensional 
intensity  image  of  the  Gaussian  beam  that  is  incident  on  the  target.  As  is  evident,  it  no  longer  resembles  the 
Gaussian  beam  in  Figure  4.80.  Figure  4.83  shows  the  two  dimensional  intensity  image  as  it  scatters  off  the  target, 
and  propagates  back  through  the  phase  screen  on  to  the  detector. 

After  the  scattered  light  illuminates  the  receiver,  different  parts  of  the  scattered  light  enter  the  receiving 
apertures.  The  simulation  now  mixes  the  signal  light  and  the  local  oscillator  for  each  aperture  and  focuses  the 
result  onto  a  detector.  This  generally  results  in  a  beat  signal  between  the  frequency  shifted  local  oscillator  and 
signal  wave.  Figure  4.84  shows  an  intensity  image  of  the  local  oscillator  beam  that  has  been  focused  onto  the 
monostatic  detector.  The  slight  ringing  is  caused  by  the  truncation  of  the  Gaussian  local  oscillator  beam  by  the 
lens  aperture.  Figure  4.85  shows  an  intensity  image  of  the  portion  of  the  return  signal  wave  that  entered  the 
monostatic  aperture.  Figure  4.86  shows  the  intensity  image  of  the  portion  of  the  signal  wave  that  entered  the 
bistatic  aperture.  The  intensity  images  incident  on  the  detector  should  give  a  good  indication  as  to  the  nature  of 
the  electric  fields  that  are  heterod3med  by  the  detector. 

To  illustrate  the  effect  of  the  free  space  propagations,  phase  screens,  lenses,  etc.  on  the  electric  field 
magnitude  of  the  signal  wave  and  local  oscillator  beam,  slices  of  the  magnitude  of  the  electric  field  will  now  be 
presented.  Each  slice  is  taken  down  the  center  ofthe512X512S  polarized  wave  that  created  each  of  the 
intensity  images  discussed  above.  The  first  slice  is  shown  in  Figure  4.87.  It  represents  the  electric  field 
magnitude  of  the  Gaussian  beam  exiting  the  monostatic  aperture  (transmitter).  Figure  4.88  shows  an  electric  field 
slice  taken  from  the  magnitude  of  the  electric  field  incident  on  the  target.  Finally,  Figure  4.89  shows  a  slice  taken 
from  the  magnitude  of  the  electric  field  incident  on  the  receiver.  The  wave  at  the  receiver  in  is  much  broader  than 
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the  wave  at  the  target.  This  is  caused  by  the  target  scattering  and  an  additional  pass  through  the  phase  screen. 
Although  the  semi-smooth  target  does  not  produce  fully  developed  speckle,  it  does  cause  additional  spreading  in 
the  signal  wave.  Figures  4.90  and  4.91  shows  the  distribution  of  the  electric  field  and  both  the  monostatic  and 
bistatic  detectors. 


Now  that  the  electric  fields  have  been  mixed  and  focused  onto  the  monostatic  and  bistatic  detectors,  the 


Figure  4.84:  Local  oscillator  on  detector.  Figure  4.85:  Monostatic  aperture  signal 

on  detector. 


Figure  4.86:  Bistatic  aperture  signal  on  detector. 


Figure  4.87 :  Slice  of  the  electric  field  magnitude  of  the  Gaussian  beam  leaving  the  monostatic  aperture. 
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Figure  4.88:  Slice  from  the  magnitude  of  the  electric  field  at  the  target. 
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Figure  4.89:  Slice  from  the  magnitude  of  the  electric  field  on  the  receiver. 


Figure  4.90:  Slice  taken  from  the  magnitude  of  the  electric  field  focused  onto  the  monostatic  (on  -  axis)  detector. 
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Figure  4.92:  AC  current  output  of  the  monostatic  (on  -  axis)  detector.  The  radius  of  the  detector  is  75 


Figure  4.93:  AC  current  output  of  the  bistatic  (off  -  axis)  detector.  The  radius  of  the  detector  is  75  n 


4.3  Conclusions 

The  laser  radar  simulation  presented  here  is  unique  in  its  ability  to  simulate  a  multiple  aperture  laser  radar 
system  in  3  dimensions.  This  is  accomplished  by  propagating  two-dimensional  waveforms  between  the 
transmitter/receiver  and  target,  and  in  allowing  the  target  and  atmosphere  to  evolve  as  a  function  of  time.  Each 
time  the  atmosphere  evolves  or  the  target  changes  aspect,  the  perturbations  introduced  on  the  light  incident  from 
the  laser  radar  transmitter  are  then  propagated  back  to  the  receiver  and  detected  coherently,  for  each  of  the 
receiving  apertures  in  the  receiver.  The  output  from  the  coherent  detection  process  can  be  interpreted  in  several 
ways.  First,  the  laser  radar  output  can  be  recorded  as  an  AC  beat  signal  resulting  from  the  heterodyne  detection. 
The  AC  output  is  made  more  realistic  through  the  modeling  of  detector  noise  and  shot  noise.  The  detector  model 
also  calculates  the  heterodyne  efficiency  as  a  function  of  detector  size.  The  phase  and  the  peak  value  of  the  AC 
current  signal  are  other  possible  detector  outputs. 

In  addition  to  the  imique  approach  used  to  simulate  both  space  and  time  the  laser  radar  simulator  also 

provides  a  convenient  means  for  the  modeling  of  a  multiple  aperture  laser  radar  system.  The  ease  of  use  of  this 

software  is  primarily  due  to  its  graphical  user  interface.  The  central  feature  of  this  interface  is  a  window  in  which 

icons,  representing  optical  devices,  can  be  placed  and  connected  to  form  an  optical  schematic.  Pop-up  windows 

are  used  to  set  the  physical  parameters  of  the  devices  in  the  schematic  window.  The  technique  for  debugging  an 

optical  schematic  was  very  similar  to  that  used  in  debugging  an  electronic  schematic. 

A  copy  of  the  software  developed  under  this  contract  can  be  obtained  by  writing  to: 

Dr.  Arthur  R.  Weeks 
University  of  Central  Florida 
Electrical  and  Computer  Engineering 
4000  Central  Florida  Blvd. 

Orlando,  FL  32816-2450 
(407)  823-5762 

4.4  References 

1.  Letalick,  D.,  and  A.  Oestberg,  [1984],  “Computer  Model  for  an  Imaging  Coherent  Laser  Radar,”  GRA,  Vol. 
84,  No.  4,  Feb.,  48  pages. 

2.  Jelalian,  A.  V.,  [1992],  Laser  Radar  Systems.  Norwood  MA  :  Artech  House. 

3.  Wang,  J.,  and  J.  Kostamovaara,  [1994],  “Radiometric  analysis  and  simulation  of  signal  power  function  in  a 
short-range  laser  radar,”  Applied  Optics,  Vol.  33,  No.  1 8,  June,  pp,  4069  -  4076. 

4.  Estep,  J.,  and  Z.  Gu,  [1992],  “Ladar  Signature  Simulation,”  SPIE  Proceedings  on  Automatic  Object 
Recognition  II,  Vol.  1700,  April,  pp.  119  -  125. 

5.  Peters,  W.  N.,  and  N.  T.  Nomiyama,  [1976],  “Laser  Quadrant  Tracker  Simulation,”  General  Research 
Corp.  Final  Technical  Report,  RADC-TR-76-204,  Aug.,  106  pages. 

6.  Leader,  J.  C.,  [1983],  “Laser  radar  Analysis,”  McDonnel  Douglas  Research  Laboratories  Final  Technical 
Report,  MDC  Q1203,  July,  43  pages. 

7.  Frehlich,  R.  G.,  [1993],  “Coherent  Lidar  Design  and  Performance  Verification,”  NASA  Annual  Report,  1 
Dec.  1992  to  1  Dec.  1993  (Colorado  University),  97  pages. 


4-75 


8.  Brown,  W.  P.,  C.  Fry,  and  G.  C.  Valley,  [1982],  “Simulation  of  Ground  to  Space  Optical  Propagation,” 
Hughs  Research  Laboratories  Final  Technical  Report,  RADC-TR-82-91,  May. 

9.  Kachelmyer,  A.  L.,  [1989],  “Mirror  Surface  Aberations  and  Mixing  Efficiency,”  SPIE  Vol  1045  Modeling 
and  Simulation  of  Laser  Systems,  pp.  89  -  98. 

10.  Iftekharuddin,  K.  M.,  and  M.  A.  Karim,  [1992],  “Heterodyne  detection  by  using  a  diffraction-free  beam: 
tilt  and  offset  tfftcXs;"  Applied  Optics,  Vol.  31,  No.  23,  Aug.,  pp.  4853  -  4856. 

11.  Tanaka,  K.,  and  N.  Ohta,  [1987],  “Effects  of  tilt  and  offset  of  signal  field  on  heterodyne  efficiency,” 
Applied  Optics,  Vol.  26,  No.  4,  Feb.,  pp.  627  -  632. 

12.  Goodman,  J.  W.,  [1988],  Introduction  to  Fourier  Optics,  New  York  :  McGraw-Hill. 

13.  Weeks,  A.R.,  H.R.  Myler,  and  H.  Wenaas,  [1993],  “Computer  generated  noise  images  for  the  evaluation  of 
image  processing  algorithms,”  Optical  Engineering,  Vol.  32,  No.  5,  May,  pp.  982  -  992. 

14.  Bhattacharya,  P.,  [1994],  Semiconductor  Optoelectronic  Devices.  Englewood  Cliffs,  NJ;  Prentice-Hall. 

15.  Proakis,  J.  G.,  and  D.  G.  Manolakis,  [1992],  Digital  Signal  Processing  Priciples,  Algorithms,  and 
Applications.  New  York  :  Macmillan  Publishing  Company. 

16.  Gatt,  P.,  [1989],  “A  Simulation  and  Theoretical  Analysis  of  the  Doubly  Stochastic  Homodyne  K  Scattering 
Model,”  Ph.  D.  Discertation,  University  of  Central  Florida,  August,  162  pages. 

17.  Miller,  W,  B,,  J.  C.  Ricklin,  and  L.  C.  Andrews,  [1994  ],  “Effects  of  the  refractive  index  spectral  model  on 

the  irradiance  variance  of  a  Gaussian  beam,”  Journal  of  Optical  Society  ofAmerica  A  /  Vol.  11,  No.  10, 

October,  pp.  2719  -  2726. 

18.  Turner,  J.  L.,  [1989],  “Simulation  of  Optical  Propagation  Through  Atmospheric  Turbulence  Using  Two- 
Dimensional  Fourier  Transform  Techniques,”  Masters  Thesis,  Naval  Postgraduate  School,  June,  54  pages. 

19.  Siegman,  Anthony  E.,  [1986],  Lasers.  Mill  Valley  CA  :  University  Science  Books. 

20.  Fowles,  G.  R.,  [1989],  Introduction  to  Modern  Optics.  New  York  :  Dover  Publications. 

21 .  Jelalian,  A.  V.,  [1992],  Laser  Radar  Systems.  Norwood  MA  :  Artech  House  Fink,  D., 

22.  Verdeyen,  Joseph  T.,  [1989],  Laser  Electronics,  Englewood  Cliffs,  NJ  :  Prentice  Hall, 

23.  Goodman,  J.  W.,  [1984],  “Statistical  Properties  of  Laser  Speckle,”  in  Laser  Speckle  and  Related 
Phenomena,  ed.  J.  C.  Dainty.  New  York  :  Springer-Verlag. 

24.  Gamble,  K.  J.,  [1995],  A  Computer  Simulation  of  a  Multiple  Aperture  Coherent  Laser  Radar,  Masters 
Thesis,  University  of  Central  Florida,  August,  269  pages. 

24.  Hefele,  D.  R.,  [1995],  A  Computer  Aided  Design  Package  for  Multiple  Aperture  Laser  Radar,  Masters 
Thesis,  University  of  Central  Florida,  December,  566  pages. 


4.5.  Publications,  Presentations  and  Theses 

1.  K.  J.  Gamble,  A.  R.  Weeks,  H.  R.  Myler,  and  W.  A.  Rabadi,  "Results  of  Two-dimensional  Time-evolved 
Phase  Screen  Computer  Simulations",  Proc.  SPIE,  2471,  170-180,  June  1995. 

2.  H.  R.  Myler,  A.  R.  Weeks,  and  W.  A.  Rabadi,  "Speckle  Simulation  Movies  for  Analysis  and  Evaluation  of 
Laser  Systems",  Proc  SPIE,  2222,  823-826,  June  1994. 

3.  K.  J.  Gamble,  "A  Computer  Simulation  of  a  Multiple  Aperture  Coherent  Laser  Radar",  M.S.  Thesis, 
University  of  Central  Florida,  August  1995. 


4-76 


4.  D.  Hefele,  "A  Computer  Aided  Design  Package  for  Multiple  Aperture  Laser  Radar”,  M.S.  Thesis,  University 
of  Central  Florida,  December  1995. 


4-77 


4.6  Appendix  4A 


K.  J.  Gamble,  A.  R.  Weeks,  H.  R.  Myler,  and  W.  A.  Rabadi,  "Results  of  Two-dimensional  Time-evolved  Phase 
Screen  Computer  Simulations",  Proc.  SPIE,  2471,  170-180,  June  1995. 


Results  of  two-dimensional  time-evolved  phase  screen  computer  simulations 
K.  J.  Gamble,  A.  R.  Weeks,  H.  R.  Myler,  and  W.  A.  Rabadi 


Department  of  Electrical  and  Computer  Engineering 
University  of  Central  Florida 
Orlando,  FI.  32816 


ABSTRACT 

This  paper  presents  a  two-dimensional  computer  simulation  of  observed  intensity  and 
phase  behind  a  time  evolved  phase  screen.  Both  spatial  and  temporal  statistics  of  the  observed 
intensity  is  compared  to  theoretical  predictions.  In  particular,  the  intensity  statistics  as  a  function  of 
detector  position  within  the  propagated  laser  beam  are  investigated.  The  computer  simulation 
program  was  written  using  the  C-programming  language  running  on  a  SUN  SPARC-5 
workstation. 

KEYWORDS;  Scattering,  Laser  Propagation,  Phase  Screen  Simulation 

2.  TNTRODUCTTON 

Computer  simulations  of  random  phase  screens  have  been  used  for  many  years  to  study  the 
effect  of  laser  beam  propagation  through  a  random  medium. L2, 3, 4, 5  jn  each  of  these  works, 
independent  random  phase  screens  were  used  for  each  time/space  realization.  Within  each  of  the 
independent  random  phase  screens,  spatial  correlation  was  introduced  using  a  Kolmogorov  power 
law  spectrum.  For  example,  Welch  and  Phillips^  used  approximately  100  independent  random 
phase  screens  to  simulate  the  affects  of  enhance  backscattering.  Mavroidis^  et.  al.  used  2000 
independent  random  phase  screens  to  simulate  the  reconstruction  of  a  coherent  illuminated  object 
after  a  double  passage  through  a  random  phase  screen.  Solomon  and  Dainty^’"^  also  used 
independent  phase  screens  to  simulate  the  reconstruction  of  an  image  after  double  passage  through 
a  random  phase  screen.  In  their  work  they  used  up  to  100,000  time  realizations. 

None  of  the  above  mentioned  simulations  use  both  time  and  space  correlated  random  phase 
screens.  The  exclusion  of  time  correlated  phase  screens  does  not  properly  simulate  the  observed 
intensity  fluctuations  as  a  function  of  time  and  spatial  position.  Independent  phase  screen 
realizations  can  only  simulate  the  phenomenon  known  as  “speckle  boiling”  ignoring  the  affect  of 
“speckle  translation”.  The  observed  intensity  fluctuations  of  a  laser  beam  after  propagating 
through  a  random  media  contains  both  effects.  Brown^  et.  al.  simulated  time  correlated  phase 
screens  by  first  generating  a  random  phase  screen  that  was  larger  than  the  optical  beam  size.  The 
optical  beam  was  then  translated  in  position  through  this  same  phase  screen  simulating  the  affect  of 
“speckle  translation”.  Unfortunately,  the  number  of  time  realizations  using  this  approach  is  limited 
to  the  ratio  of  the  phase  screen  size  to  the  size  of  the  beam  incident  on  the  phase  screen. 

This  paper  presents  a  simple  method  of  incorporating  temporally  correlated  screens  that 
removes  the  limitations  associated  with  Brown’s  work.  Both  space  and  time  correlated  phase 
screens  are  generated  that  include  the  effects  of  both  speckle  boiling  and  translation.  Next,  these 
phase  screens  are  used  to  study  the  changes  in  laser  beam  intensity  statistics  as  a  function  of  the 
radial  distance  from  the  optic  axis.  The  results  of  this  simulation  is  then  compared  against  the 
theoretical  predictions  presented  by  Miller^  et.  al.  In  Section  3,  we  describe  the  theoretical  models 
used  to  generate  both  time  and  space  correlated  phase  screens.  We  also  include  a  short  summary 
of  the  work  presented  by  Miller^  et.  al.  In  Section  4,  we  show  several  results  of  our  simulations. 
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3  THHORETTCAL  MODELS 


Figure  1  shows  the  simulated  experimental  setup  used  to  propagate  a  laser  beam  through  a 
random  phase  screen  to  a  detector.  The  laser  is  modeled  as  a  single  mode  Gaussian  beam  which  is 
specified  by  its  initial  beam  waist  Wq,  beam  waist  location  (usually  located  at  the  exit  of  the  laser), 
and  output  power.  The  Electric  field  exiting  the  laser  is: 


E(r,z)  =  Eo 
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Propagation  from  the  laser  to  the  lens  and  then  to  the  phase  screen  is  accomplished  using  standard 
ABCD  matrices.  The  ABCD  matrices  simply  specifies  a  new  radius  of  curvature  and  a  new  beam 
size  at  the  phase  screen. 

y  U 


Figure  1.  A  block  diagram  describing  the  phase  screen  simulation. 

Next,  a  random  phase  perturbation  represented  by  a  phase  screen  is  applied  to  the  incident  laser 
beam.  The  phase  screen  is  generated  via  a  standard  independent  uniform  random  number 
generator  used  to  fill  two  arrays  with  statistically  independent  random  numbers  between  0  and  1 
and  0  and  2tc.  These  arrays  are  is  then  used  to  compute  a  new  array  of  statistically  independent 
Gaussian  numbers^  with  a  zero  mean  and  an  variance 

Gaussian  R.V.=  [-2-  ■  InX]'^^  •  cos0  ,  (3) 

where  0  is  an  uniformly  distributed  number  between  0  and  27t.  X  is  also  an  uniformly  distributed 
number  between  0  and  1  which  is  independent  of  0.  The  uncorrelated  random  numbers  generated 
from  equation  (3)  produce  random  phase  screens  that  are  Gaussian  distributed  and  that  contain  zero 
spatial  correlation.  Spatial  correlation  is  applied  to  each  phase  screen  realization  (time  sample)  by 
using  Fourier  transform  methods.^  The  Fourier  transform  is  applied  to  the  uncorrelated  phase 
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screen  data  generated  from  equation  (3)  producing  its  Fourier  components  which  are  then  filtered 
using  the  Kolmogorov  power  law  : 


11 


<I>.(v)=.033C."k:  > 
Where  k  =  2z 


1/2 
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The  filter  function  used  which  depends  on  the  thickness  of  the  phase  screen  is: 
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where  Cl  is  the  strength  of  turbulence,  K  is  the  two-dimensional  spatial  frequency,  and  5z  is  the 
thickness  of  the  phase  screen.  The  terms  Ax  and  Ay  are  the  spatial  sampling  intervals  of  the  screen 
in  the  x  and  y  directions,  a/NAx  and  p/NAy  are  the  spatial  frequencies  in  the  x  and  y  directions, 
and  N  is  the  total  number  of  points  used  to  describe  the  phase  screen.  The  inverse  Fourier 
transform  is  then  applied  to  the  newly  filtered  components  yielding  a  spatially  correlated  phase 
screen. 


Generating  correlated  random  phases  screens  in  the  above  manner  makes  it  straightforward 
to  CTeate  successive  phase  screens  that  are  also  correlated  in  time.  First,  time  varying  “speckle 
translation”  is  introduced  by  simply  generating  new  phase  screens  as  described  in  Equations  (3)- 
(6).  Instead  of  generating  a  completely  new  set  of  random  numbers  that  are  uniformly  distributed 
and  then  applying  Equations  (3)-(6),  the  left  most  N-x  columns  of  the  array  of  uniformly 
distributed  numbers  are  shifted  to  the  right  by  x  columns.  The  columns  left  blank  by  the  shifting 
operation  are  then  filled  with  a  new  set  of  uniformly  distributed  numbers  that  also  vary  between  0 
and  1.  Equations  (3)-(6)  are  then  used  to  produce  a  new  spatially  correlated  random  phase  screen. 
This  new  phase  screen  will  be  a  translated  version  of  the  previous  phase  screen  realization.  It  also 
will  contain  some  boiling  due  to  the  new  columns  of  uniformly  distributed  numbers  add  at  the  left. 
The  net  effect  is  that  the  phase  screen  drifts  across  the  incident  laser  beam  for  each  time  realization. 
The  effect  of  “speckle  boiling”  is  accomplished  by  replacing  p  columns  which  are  randomly  spaced 
throughout  the  array  of  uniformly  distributed  random  numbers  with  new  uniformly  distributed 
numbers  also  between  0  and  1.  This  provides  additional  decorrelation  of  the  phase  screen  for  each 
time  realization. 

The  third  part  of  the  simulation  provides  the  free  space  propagation  model  used  to 
propagate  the  random  phase  fluctuations  introduced  onto  the  laser  beam  by  the  phase  screen.  The 
free  space  propagation  as  shown  in  Figure  2  is  based  on  the  Fresnel  diffraction  integral  and  is 
given  in  transfer  function  form  as^ 


U(a,/?)  =  ej'“  S'N 
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This  equation  is  valid  for  propagation  distances  that  satisfy:^ 


z’»-^[(;t-a)^+(y-/3)^]L  (9) 


Figure  2.  The  geometry  used  to  describe  the  propagation  between  two  points. 

The  approach  taken  in  this  paper  used  the  transfer  function  method  over  other  techniques  in  that  it 
provides  the  same  sampling  interval  in  the  observation  plane  as  in  the  z  =  0  plane. 

The  last  part  of  the  simulation  model  simply  uses  a  point  detector  with  an  aperture  size 
equal  to  size  of  the  sampling  interval  to  obtain  the  observed  intensity  fluctuations.  For  the  purpose 
of  this,  paper  the  placement  of  the  detector  was  varied  from  the  optical  axis  to  a  chosen  radial 
distance.  The  work  developed  by  Miller’^  et.  al.  gives  the  normalized  variance  of  the  intensity 
fluctuations  as  a  function  of  radial  distance  r  from  the  optic  axis.  In  order  to  remove  dependence  of 
the  refractive  index  structure  constant  €„  ,  the  normdized  off  axis  variance  is  divided  by  the 
normalized  on  axis  variance.  The  theoretical  equation  for  normalized  off  axis  variance  divided  by 
normalized  on  axis  variance  is:^ 


O'^(r) 
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Where  0  =  1  h — ,  A  = - ^  ,  W  and  R  are  the  waist  and  radius  of  curvature  of  the  laser  beam  at 

R  kW' 

the  detector  plane  without  a  phase  screen,  k  is  the  wavenumber,  and  L  is  the  distance  from  the 
phase  screen  to  the  detector  plane.  This  equation  was  generated  with  the  assumption  that  the 
intensity  statistics  are  in  the  weak  turbulence  regime. 

4.  RESULTS 


Figure  1  gives  the  overall  system  layout  used  in  the  simulation  experiments.  Table  1  gives 
the  corresponding  parameters  that  were  held  constant  throughout  the  simulations  presented  in  this 
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paper.  A  collimating  lens  was  placed  in  front  of  the  exiting  aperture  of  the  laser  to  ensure  that  the 
laser  beam  incident  on  the  phase  screen  had  essentially  a  planer  phase  curvature.  The  value  of 
l.OTO'l^  m'^^  for  the  strength  of  turbulence  was  chosen  so  that  the  observed  intensity  statistics 
were  in  the  weak  turbulence  regime.  A  distance  of  13.4  m  from  the  phase  screen  to  the  detector 
plane  was  the  maximum  allowable  distance  in  which  the  simulation  would  be  valid.  For  the  given 
sampling  interval,  larger  propagation  distances  produce  aliasing  during  the  computation  of  the 
inverse  Fourier  transform  yielding  invalid  results. 


Parameters 

Value 

Wavelength  X  = 

1.0-10-6  m 

Sampling  interval  Ax  =  Ay  =  Aa  =  A|3  = 

1.61-10-4  m 

Beam  waist  at  the  exit  of  the  lens 

.00944  m 

Radius  of  curvature  at  the  exit  of  the  lens 

-7644.3  m 

Laser  output  power 

50  mW 

1.0-10-13  m-5/3 

Thickness  of  the  phase  screen 

.01  m 

Distance  from  the  laser  to  the  phase  screen 

13.4  m 

Distance  from  the  phase  screen  to  the  detector 

13.4  m 

Table  1.  A  listing  of  the  parameters  used  in  the  simulation  experiments 

Figures  3(a)  and  3(b)  show  two  different  time  correlated  phase  screens  with  the  same 
Kolmogorov  spatial  power  law  spectrums.  The  two  curves  in  each  of  Figures  3(a)  and  3(b)  show 
the  spatial  distribution  of  the  phase  fluctuations  across  the  phase  screen  for  two  different  time 
realizations.  The  phase  screen  in  Figure  3(a)  was  generated  by  translating  the  arrays  of  uniformly 
distributed  random  numbers  to  the  right  by  eight  columns  and  then  replacing  the  8  left  most 
columns  in  each  array  with  a  new  set  of  uniformly  distributed  random  numbers.  The  phase  screen 
of  Figure  3(b),  which  illustrates  “speckle  boiling”,  was  generated  by  replacing  73  columns  in  each 
uniformly  distributed  array  with  a  new  set  of  uniformly  distributed  numbers.  To  further  improve 
the  “speckle  boiling”  effect,  the  actual  location  of  each  column  replaced  was  also  randomized. 

Figure  4  shows  a  two  dimensional  intensity  image  of  a  Gaussian  mode  propagated  through 
a  phase  screen  with  =  l.OTO*^®  m'^/3  and  5z-  .01  m.  The  image  was  generated  by 
propagating  the  laser  mode  13.4  m  to  the  phase  screen,  and  then  propagating  the  corrupted  laser 
beam  13.4  m  to  the  detector  plane.  This  figure  shows  the  spatial  intensity  fluctuations  that  arc 
present  in  the  beam  as  a  function  of  the  phase  perturbations  induced  by  the  phase  screen.  Figure 
5(a)  is  a  one-dimensional  plot  of  the  intensity  image  in  Figure  4  taken  as  a  function  of  horizontal 
position  and  centered  in  the  vertical  direction.  This  plot  shows  the  deviation  from  a  pure  Gaussian 
mode.  Figure  5(b)  shows  another  one-dimension^-plot  of  intensity  as  a  function  of  horizontal 
position  for  a  later  time  realization  of  a  translating  phase  screen  with  a  translation  to  the  right  by  5 
columns.  Note,  the  translation  of  the  intensity  fluctuations  have  moved  to  the  right  by  5Ax  in 
Figure  5(b)  as  compare  to  Figure  5(a). 

The  goal  of  the  this  paper  is  to  compare  the  intensity  statistics  (normalized  intensity 
variance)  as  a  function  of  radial  distance  from  the  optical  axis  as  described  by  Equation  (10).  Six 
hundred  successive  time  realizations  were  generated  using  independent  uncorrelated  time  and 
translation  only  phase  screens.  For  each  simulation,  a  sequence  of  intensity  fluctuations  as  a 
function  of  time  was  acquired  at  a  given  spatial  detector  position  r.  The  normalized  variance  was 
then  computed  from  the  time  sequence  using: 
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Amplitude  of  phase  perturbation  (radians)  Amplitude  of  phase  perturbation  (radians) 


Figure  3(a) 


Transverse  plane  to  optic  axis  -  0  represents  the  optic  axis  (m) 


Figure  3(b) 


Figure  3.  Two  different  phase  screen  realizations  showing  (a)  translation  and  (b)  boiling. 
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Figure  4.  One  time  realization  of  the  observed  intensity  at  the  detector  plane. 


tT^(r)  = 


1  ^ 

— ^[I(n,r)-mean(r)f 

P  n  =  l _ 

[mean(r)]^ 


(11) 


and 


where 


1  ^ 

mean(r)  =  — 2^I(n,r) 

P  n=l 

P  is  the  total  number  of  time  realizations  (600), 
r  is  the  distance  from  optic  axis  of  the  detector,  and 
n  is  the  nth  time  realization. 


Next,  the  normalized  off  axis  variance  is  divided  by  the  normalized  on  axis  variance  for 
comparison  with  Equation  (10). 


^2(r)^  = 


a(0)' 


(12) 


Figures  6(a)  and  6(b)  gives  the  simulation  results  for  the  normalized  variance  and  the 
theoretical  results  computed  from  Equation  (10)  as  a  function  of  radial  position  from  the  optical 
axis.  The  only  difference  between  the  two  figures  was  the  correlation  of  the  phase  screens  between 
each  time  realization.  The  simulation  results  of  Figure  6(a)  was  generated  using  only  translation 
phase  screens,  with  a  translation  to  the  right  by  3  columns.  Figure  6(b)  was  generated  using 
independent  uncorrelated  time  phase  screens.  The  parameters  used  in  equation  (10)  were 
calculated  as  L  =  13.4m,  R=4776.4  m  and  W=.00945  m  from  the  parameter  values  given  in  Table 
1  and  with  a  confocal  parameter  Zg  of  279.3  m. 


Figure  6(a) 
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Figure  6(b) 


Fi^^ure  6.  Theoretical  and  simulated  results  for  the  ratio  of  the  off  axis  normalized  variance  to  the 
on  axis  normalized  variance  for  (a)  time  translated  phase  screens  and  (b)  temporally  uncorrelated 
phase  screens. 
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The  comparison  of  the  simulated  and  experimental  curves  in  Figure  6(a)  shows  a  close 
match  of  the  simulation  with  the  theoretical  prediction  given  by  Equation  (10).  For  a  radial 
distance  of  approximately  .00915  m,  the  two  curves  intersect.  This  is  very  close  to  the  diffractive 
edge  of  the  laser  beam  at  that  point,  W=.00945  m.  The  results  of  Figure  6(b)  shows  a  quite  a 
difference  between  the  theoretical  prediction  and  the  simulated  results.  For  radial  distances  beyond 
approximately  .001  m,  the  simulated  curve  lies  completely  below  the  theoretical  curve. 

5.  CONCLUSIONS 


Based  on  the  data  presented  in  Figures  6(a)  and  6(b),  the  presence  of  ‘speckle  translation’ 
is  required  to  better  predict  the  theoretical  calculated  values  for  normalized  variance  as  described  by 
Miller  et.  alP  The  use  of  independent  uncorrelated  phase  screens  does  not  properly  predict  the 
intensity  statistics  for  successive  time  realizations.  During  the  process  of  performing  these 
simulations,  several  trends  were  noticed.  For  Cl  sufficientiy  small,  the  simulated  results  were 
independent  of  Cn .  As  was  increased,  so  that  the  weak  scattering  approximation  was  violated, 
the  ratio  of  the  off-axis  normalized  variance  divided  by  normalized  on  axis  variance  for  the 
temporally  correlated  phase  screens  began  to  dip  lower  and  lower  below  the  minimum  theoretical 
value  of  1.  As  the  radal  distance  increased,  this  ratio  did  increase  to  values  greater  than  1,  but 
grew  more  slowly  than  the  curv'es  with  smaller  values  of  €„ . 
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5.0  SINGLE  APERTURE  COHERENT  LIDAR  EXPERIMENTS 

C.  Martin  Stickley,  Ph.D.  and  P.  Gatt,  Ph.D. 

5.1  Background 

In  addition  to  understanding  and  developing  multiple  aperture  coherent  lidars,  it  was  also  an  objective  of 
the  program  to  better  understand  the  effect  of  speckle  on  lidar  performance  and  to  test  lidars  in  real-world  situations 
(i.e.,  outside  of  a  university  laboratory). 

The  motivation  to  understand  speckle  effects  stems  from  the  fact  that  lidars  can  be  built  having  a  lOx 
difference  in  frequency  -  1.06  micron  YAG  systems  and  10.6  micron  CO2  systems  -  and  that  they  differed 
significantly  in  performance  [1]  which  could  be  related  to  whether  the  speckle  was  partially  or  fully  developed. 
“Partially”  developed  speckle  can  originate  from  a  target  whose  surface  irregularities  are  smaller  than  a  wavelength; 
one  would  expect  “fully”  developed  speckle  in  cases  where  target  surface  roughness  is  larger  than  a  wavelength. 
Thus  YAG  lasers  and  CO2  lasers  might  perform  quite  differently. 

The  motivation  to  test  coherent  lidar  in  a  non-laboratory  environment  was  to  expose  our  students  to  real- 
world  outdoor  test  problems  and  thereby  to  check  our  receiver  system  in  other  than  a  pristine  laboratory. 

5.2  Accomplishments 

5.2.1  Rotating  Target  Experiments  with  YAG  and  CO2  Coherent  Lasers 

During  the  course  of  this  contract  we  carried  out  cw  coherent  lidar  experiments  [2]  at  1.06  microns  with  a 
single  frequency  Nd:YAG  laser  and  at  10.6  microns  with  a  single  frequency  CO2  laser  using  the  same  target  -  a 
common  nail  -  rotating  at  10  or  20  rps,  and  located  2  meters  away  from  the  exit  aperture  of  the  table  top  lidar.  Both 
lidars  upshifled  the  transmitted  beam  by  27.1  MHz  relative  to  the  local  oscillator;  thus  the  IF  signals  were  at  27.1 
MHz. 

Figures  5.1  and  5.2  give  the  power  spectrum  of  the  IF  signal  for  the  1.06  micron  system  and  the  10.6 
micron  signal,  respectively. 


26.80  27.310  27.40 

Frequency  (MHz) 

Fig.  5.1:  1 .06  micron  power  spectrum  a)  1 0  Hz;  b)  20  Hz,  with 
superimposed  Gaussian  fits,  for  2  meter  range  to  target. 
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Fig  5.2:  10.6  micron  power  spectrum  a)  lOHz;  b)  20  Hz,  for  2  meter  range 
to  target  with  superimposed  Gaussian  fits  for  the  narrow  band  components. 

First,  the  power  spectra  in  Fig.  5.1  are  entirely  normal,  that  is,  they  are  Gaussian  in  shape,  as  our  theory 
says  they  should  be  [2];  the  peak  amplitude  of  the  signal  drops  appropriately  at  20  ips  due  to  conservation  of 
energy;  and  the  widths  of  the  spectra  are  in  approximately  agreement  with  our  predicted  widths. 

The  situation  is  different  for  the  CO2  laser,  however:  note  that  the  wings  of  the  data  do  not  follow  the 
expected  Gaussian  curve.  This  is  amplified  in  Fig.  5.3. 


Frequency (MHz) 

Fig.  5.3:  Enlarged  10.6  micron  power  spectrum  a)  10  Hz;  b)  20  Hz,  for  a  2  meter 
target  with  superimposed  Gaussian  fits  for  the  broadband  components. 

A  close  study  of  Fig  5.3  shows  that  the  “wings”  of  the  data  can  fit  Gaussian  curves;  note  these  “wings”  are 
broader  in  frequency  than  the  data  in  the  central  lobes. 

Further  study  of  the  data  showed  that  the  spectral  width  of  the  “wings”  agreed  very  well  with  the  simple 
theory  which  explained  the  1.06  micron  data  so  well,  whereas  the  narrow  band,  large  amplitude  component  was  5x 
narrower  than  expected  from  the  theory. 

This  can  be  explained  by  noting  that  the  target  is  more  specular  at  1 0  microns,  and  what  we  are  observing 
in  the  central  lobes  is  the  “glint”  or  specular  reflection  from  the  target. 

Such  a  glint  is  expected  to  have  a  narrow  frequency  width  since  it  originates  from  a  small  surface  of  the 
target,  and  this  frequency  width  will  be  smaller  since  the  Doppler  shift  from  it  is  proportional  to  the  width  of  the 
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glint  area.  This  spectral  width  should  be  rotation-rate  dependent,  and,  indeed,  this  is  oberved:  2  kHz  at  10  rps  and 
4.5  kHz  at  20  rps. 

In  conclusion,  the  “partially”  developed  speckle  showed  up  in  our  experiments  as  a  glint  from  the  target’s 
surface.  While  this  was  unexpected,  it  is  entirely  rational  that  it  should  happen  that  way.  Thus,  the  lesson  from  this 
work  is  that  coherent  CO2  laser  radars  will  be  affected  by  glints  which  can  mask  the  more  subtle  signal  which 
carries  the  rotation  rate  information  expected  with  this  type  of  lidar  (i.e.,  a  Doppler  width  which  is  based  on  the 
diameter  of  the  target).  On  the  other  hand,  strong  glints  can  be  useful  in  that  they  aid  in  detecting  the  presence  of 
perhaps  an  otherwise  unobservable  target. 

5.2.2  Vibration  Sensing  with  a  CW  Coherent  Lidar 

CREOL’s  development  of  a  receiver  for  coherent  lidar  prompted  a  collaboration  with  Schwartz  Electro- 
Optics,  Inc.  to  combine  CREOL’s  receiver  with  SEO’s  eye-safe  laser  and  make  a  cw  Doppler  lidar  for  sensing 
vehicle  vibrations  [3].  Fig.  5.4  is  a  schematic  drawing  of  the  system.  The  eye-safe  laser  is  a  diode-pumped 
holmium  laser  developed  by  SEO  and  producing  1 00  mW.  While  an  intra-cavity  etalon  was  used  to  alter  Ihe  laser  s 
frequency,  no  strong  effort  was  made  to  make  it  oscillate  in  a  single  mode.  Like  the  other  CREOL  lidars,  the 
transmitted  beam  was  upshifted  by  27.1  MHz.  The  receiver  used  an  InGaAs,  100  MHz  detector  packaged  by 
CREOL. 

SOX  10  cm  Off-Axis 
Newtonian  Beam 


Fig.  5.4:  2  Micron  Laser  Doppler  Radar  Experimental  Set-up 
Calibration  of  the  system  was  achieved  in  the  laboratory  by  using  a  piezoelectric  loudspeaker  as  a  target. 
Results  of  the  calibration  indicated  that  vibration  amplitudes  as  small  as  10  nanometers  could  be  sensed. 
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1988  Honda  Accord  1988  Honda  Accord 

Front  View;  800  RPM  Front  View;  1500  RPM 

Demodulated  Amplitude  Spectrum  Demodulated  Amplitude  Spectruim 


1984  OldsmobileToronado 
Front  Mew;  Idle  (600  RPM?) 
Demodulated  Amplitude  Spectrum 


1984  Oldsmobile  Toronado 
Front  View;  Idle  (2000RPM?) 
Demodulated  Amplitude  Spectruim 


Fig.  5.5:  Vibration  data  illustrating  non-cooperative  target  identification. 

Fig.  5.5  is  an  example  of  the  data  which  was  obtained  using  two  different  automobiles  as  targets.  The 
major  peaks  correspond  to  the  number  of  combustion  detonations  per  second  or  the  number  of  combustion  cycles 
per  crankshaft  revolution.  Note  that  for  the  Honda,  the  number  of  combustion  cycles  per  revolution  is  two,  thus  at 
800  RPM,  the  frequency  should  be  26.7  Hz,  in  very  close  agreement  with  location  of  the  peak  near  25  Hz.  For  the 
Oldsmobile,  it  has  four  combustion  cycles  per  crankshaft  revolution,  thus  at  600  RPM,  it  has  a  peak  near  40  Hz.  It 
was  observed  that  while  these  peaks  moved  around  with  RPM,  they  became  much  larger  upon  passing  through  a 
structural  resonance  of  the  automobile. 

In  conclusion,  CREOL,  in  conjunction  with  Schwartz  Electro-Optics,  demonstrated  that  this  coherent,  eye- 
safe  laser  radar  technology  can  be  used  for  non-cooperative  vehicle  identification  in  a  real-world  environment. 
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ABSTRACT 

A  theoretical  model  is  presented  for  the  mutual  coherence  fiinction  that  describes  the 
power  spectrum  of  the  intermediate  frequency  (IF)  signal  resulting  from  coherent  laser  radar 
detection  of  a  fully  illuminated  rough  rotating  cylinder.  Preliminaiy  calculations  for  the 
correlation  length  and  bandwidths  of  the  coherently  detected  dynamic  speckle  fields  show  that 
Doppler  effects  on  speckle  dynamics  are  on  the  same  order  of  magnitude  as  speckle  translation 
effects,  and  that  scatterer  exchange  effects  are  negligible.  We  show  that  for  a  fully  diffuse  object, 
the  shape  of  the  spectrum  (and  autocorrelation  function)  is  Gaussian.  The  spectrum  appears  to  be 
the  sum  of  two  Gaussian  functions  when  the  scattering  object  has  a  near-specular  component,  one 
due  to  the  specularly  reflected  field  and  the  other  due  to  the  diffusely  reflected  field.  While  the  IF 
BW  of  the  signal  resulting  from  the  diffusely  scattered  field  depends  upon  the  cylinder's  radius, 
the  IF  BW  of  the  specularly  reflected  field  depends  upon  the  width  of  a  window  function,  which  is 
wavelength  dependent. 


1.  INTRODUCTION 

IF  power  spectra  from  coherently  detected  moving  objects  are  known  to  be  broadened  by 
amplitude  modulation  (AM)  and  phase  modulation  (PM).  The  AM  and  PM  effects  are  produced 
by  dynamic  laser  speckle  phenomena.  Laser  speckle  is  the  random  phase  and  amplitude  variation 
of  the  reflected  optical  field  from  a  coherently  illuminated  rough  surface. 

Static  speckle  is  the  interference  pattern  resulting  from  the  phasor  summation  of  the 
lemporally  coherent  (narrowband)  light  reflected  from  many  random  scatterers  on  a  static  object 
surface.  The  individual  scattered  fields  have  random  amplitudes  and  phases.  The  resulting 
interference  partem  constitutes  speckle  and  is  usually  characterized  by  its  spatial  correlation 
function. 

Dynamic  speckle  is  a  spatio-temporal  phenomenon,  resulting  from  relative  motion 
between  the  object,  the  transmitter,  and  the  observation  point.  Dynamic  speckle  may  be 
characterized  by  the  field  mutual  coherence  function  (MCF),  which  describes  the  temporal 
correlation  of  the  fields  of  two  spatially  separated  points.  The  temporal  characteristics  of  the 
speckle  field  at  a  single  point  in  the  observation  plane  may  be  of  interest,  however,  as  in  the  case 
of  a  laser  radar  system  with  a  single  detector.  In  this  case,  the  field  temporal  autocorrelation 
function  (ACF)  provides  the  necessary  information.  In  addition,  the  power  spectral  density 
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function  (PSDF),  which  is  the  Fourier  transform  of  the  ACF,  alternatively  provides  the  necessary 
information. 

Dynamic  speckle  manifests  itself  in  two  distinct  phenomena:  "speckle  translation"  and 
"speckle  boiling".  Speckle  translation  is  the  transverse  motion  of  an  otherwise  static  speckle  field 
across  the  observation  plane.  Speckle  boiling  describes  the  evolution  (emergence  and 
disappearance)  of  individual  speckle  cells.  Various  object  dynamics  cause  speckle  translation  and 
boiling. 

Object  dynamics  that  cause  speckle  translation  include  lateral  motion  of  the  object,  the 
illuminating  beam,  and  the  detector.  These  dynamics  and  object  rotation  cause  scatterer 
exchange,  which  is  a  source  of  speckle  boiling.  Doppler  eflfects  from  object  rotation  cause 
speckle  boiling  as  well.  The  relative  strengths  of  the  translation  and  boiling  phenomena  in  a  given 
speckle  field  depend  heavily  on  the  illumination  function,  the  system  geometry,  and  the  type  of 
objea  motion. 

In  this  paper  we  report  some  of  our  early  findings  regarding  the  influence  of  a  plane  wave 
illuminated  rotating  cylindrical  object  on  the  shape  of  the  PSDF  and  ACF  of  a  heterodyne- 
detected  speckle  field.  We  compare  and  contrast  the  effects  of  speckle  boiling  and  the  speckle 
translation. 

Experimental  measurements  were  conducted  at  two  wavelengths,  one  and  ten  microns. 
These  diverse  wavelengths  provide  a  comparison  of  speckle  dynamics  for  an  object  which  appears 
fully  diffuse  at  the  shorter  wavelength  yet  has  a  prominent  specular  component  at  the  longer 
wavelength. 


2.  SYSTEM  DESCRIPTION 


I 


Figure  1 .  Rotating  rough  cylinder 
under  illumination  along  the  z  axis 


t  ^ 


Figure  2.  Cross  section  of  the  rotating 
rough  cylinder 


7  66  / SPIE  Vo!.  193b  Applied  Laser  Radar  Technologv  (1993) 


The  geometry  of  the  specific  case  under  consideration  is  depicted  by  Figures  1  and  2.  A 
cylinder  of  radius  r  and  length  L  is  rotating  about  its  longitudinal  axis  (the  y  axis)  at  an  angular 
rate  Q.  Collimated  plane  wave  coherent  illumination  from  a  monostatic  ladar  transceiver  fully 
illuminates  the  unresolved  surface  of  the  cylinder  along  the  line  of  sight  (the  z  axis)  transverse  to 
the  cylinder's  axis.  The  surface  height  fluctuations  are  described  by  the  zero  mean  random 
variable  A(0  j'),  which  is  superimposed  on  the  cylinder's  surface. 

3.  THEORETICAL  PREDICTIONS 

We  consider  two  approaches  to  the  theoretical  characterization  of  the  IF  PSDF.  The  first 
is  a  statistical  model,  which  when  solved  will  result  in  a  complete  description  of  the  PSDF.  The 
second  approach  is  based  on  a  heuristic  analysis,  which  serves  to  provide  an  approximate 
description  of  the  PSDF. 

3.1.  Statistical  Model 

The  statistical  model  is  based  on  the  Fourier  transform  relation  between  the  PSDF  and  the 
ACF  (a.k.a.  seif  coherence  function  (SCF)),  which  is  found  by  evaluating  the  mutual  coherence 
function  (MCF)  at  zero  spatial  separation  distance.  The  mutual  coherence  function  (MCF)  is  a 
common  descriptor  of  the  spatio-temporal  properties  of  a  random  process.  The  MCF  at  the 
receiver  is  derived  via  a  Fresnei-Fraunhofer  propagation  of  the  MCF  of  the  reflected  field  just 
above  the  rough  object  surface.  The  reflected  field  is  a  function  of  the  object  surface 
characteristics  as  well  as  the  illuminating  beam  characteristics. 

In  general,  the  MCF  of  an  analytic  signal  is  given  by[l] 

ru(F,  ./',;T)  =  (iy(Fi;<-t)C7'(i>,  ;()).  0) 

which  is  the  expected  value  of  the  product  of  the  complex  field  at  two  spatially  separated  points  at 
two  instances  in  time.  U  represents  the  analytic  signal  of  a  single  polarization  of  the  electric  field 
immediately  above  the  object  surface.  This  field  is  the  product  of  the  incident  illumination  with 
the  object  diSuse  reflectance  and  an  object  induced  phase  function.  The  incident  illumination  is 
assumed  to  be  a  plane  wave,  given  by 

(/(?;/)=  ^exp[-7(2T/j‘ +4))],  (2) 

where  A  is  the  constant  plane  wave  field  amplitude, /is  the  optical  frequency,  and  4)  is  the  phase 
(assumed  to  be  zero  but  shown  here  for  completeness). 

The  total  additional  phase  of  the  field  caused  by  the  object,  just  after  reflection,  contains 
three  components.  These  components  are  related  to  the  surface  macro  shape,  the  Doppler 
phenomena,  and  the  random  surface  height. 

=  4>.„r  (^;0 +4)J  (^;0 ,  (3) 

where, 

4)^^(P;r)  =  [47c/k]rcos(e),  (4) 
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h(P;0  =  [4^f^]KB,y;i)cos(e), 


(5) 

(6) 


^^  frot  is  the  target  rotation  frequency  measured  in  Hz.  Substituting  appropriate  expressions  for 
each  of  the  components  into  Eq.  (1)  yields  the  following  formidable  expression  for  the  MCF  at  the 
object. 


Tu(P^  ,P^\z)  =  (u{P^  ■t^x)U\P^-t)) 


(7) 


=  (  A  fxy)[-jl%f  (/  +  t)]^*  exp[727t//  ] 


x/exp 


jArtr 

A 


x(  exp 


exp 


A 


[cos(ft)-cos(^)]| 

[(/  +  x)sin(0i)-/sin(62)] 


74  ;r 
/. 


[coK&i)K&i  +  ^t,yi) 


-cos(^)^(6>i  +  f2(/+  rj.T'l)], 


Incident  Illumination 
Target  Reflectance 
Surface  Curvature 

Doppler  Shift 

Surface  Height 
Deviations 


As  previously  stated,  the  MCF  of  the  field  in  the  receiver  plane  is  found  by  a  diffraction 
propagation  of  the  MCF  in  the  target  plane.  Goodman[.l]  shows  that  this  is  a  fourth  order  spatial 
integration,  which,  for  some  special  configurations,  is  given  by 

\\\\dxp^dyp^cixp^dyp^  r(Pj  ,P^-,x) 

-ygiPPi  )J- 

The  ACF  (or  self  coherence  function  (SCF))  is  obtained  by  evaluating  the  propagated  MCF  at  Q] 

=  Q2- 


^[,’(1:)  -  rt/(Oi,2];T)  jj  jjdxp^cfyp^cbcp^cfyp,  T(P,  ,P^ -x) 

('-y  1^12  ‘  ‘ 

-yp\  ))]• 


(9) 


Finally,  according  to  the  Wiener-Khinchine  theorem,  the  temporal  power  spectrum  is  obtained  via 
a  Fourier  transform. 


‘^r(/)  =  :F[rc-(T)]. 


(10) 
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An  exact  solution,  however,  is  intractable  due  to  the  spatial  non-stationanty  of  the  phase 
tenn,  specifically  the  cos(0i)h(0i+nti;yi)  term,  in  the  mutual  coherence  function  (cf.,  Eq.  (7)). 
Conceptually,  this  non-stationarity  is  due  to  the  spatial  dependence  of  the  projeaed  height 
function  along  the  line  of  sight.  For  example,  an  on-axis  point  (i.e.,  0  =  0)  with  a  height  de'jaation 
h  imposes  a  A-uhlX  phase  deviation  on  the  reflected  field,  while  that  same  point  when  rotated  90 
degrees  has  no  impact  on  the  phase  of  the  reflected  field. 

In  order  to  obtain  a  solution  based  upon  the  above  statistical  analysis,  simplifying 
assumptions  which  are  not  too  restrictive  to  erode  the  accuracy  of  the  result  must  be  imposed.  At 
a  minimum  these  assumptions  must  reduce  the  non-stationary  phase  term  to  a  stationary  phase 
term  by  ignonng  the  cos(0)  dependence.  The  impact  of  such  a  simplification,  however,  has  not 
yet  been  fully  analyzed. 


3.2.  Heuristic  Analysis 

A  solution  based  on  the  statistical  analysis  given  above,  would  yield  the  complete 
description  of  the  PSDF.  Even  if  appropriate  simplifying  assumptions  are  imposed,  hoover,  the 
mathematics  will  still  be  quite  fonnidable  and  physical  insight  may  be  difficult  to  obtain  from  the 
solution  An  alternative  approach  based  upon  a  heuristic  analysis  of  the  problem,  though  not 
yielding  the  complete  description  of  the  PSDF,  will  provide  a  measure  of  the  correlation  time  and 

the  bandwidth  of  the  spectrum. 

Our  heuristic  analysis  is  based  on  the  assumption  that  the  translation  and  boiUng 
have  separable  Gaussian  PSDF’s  which,  when  convolved,  produce  a  Gaussi^  composite  PSDF. 
Wang  [2]  predicted  time  domain  correlation  functions  for  a  similar  though  distinct  problem, 
his  analysis  the  object  was  a  stationary  flat  surface  and  the  coherent  transceiver  was  translated  or 
scanned  over  the  object.  He  showed  that  the  resultant  autocorrelation  ffinction  is  the  product  of 
two  Gaussian  functions  respectively  attributed  to  speckle  translation  and  speckle  boiling  effe  s. 
in  the  frequency  domain,  then,  corresponding  individual  Gaussian  PSDF’s  would  also  be 
attributable  to  the  speckle  dynamics;  and  the  composite  PSDF,  which  is  the  convolution  of  the 
translation  and  boiling  PSDF's  is  also  Gaussian. 

We  will  attempt  to  ptedto  each  component  PSDF  bandwidth  by  estimating  a  cotrdation 
time  associated  with  the  physical  mechanisms  responsible  for  the  translation  ^d  boiling  effects, 
then  relate  the  correlation  time  to  a  bandwidth  using  the  definitions  descnbed  in  the  next  section. 
The  bandwidth  of  the  composite  PSDF,  which  is  measurable,  then  should  be  obtainable  from  the 
component  PSDF’s  assuming  they  are  Gaussian. 

3.2.1.  Definition  of  Bandwidth  and  Correlation  Time 

Several  definitions  of  bandwidth  (BW)  and  correlation  time  (tc)  are  found  in  the  literature, 
and  the  relationship  between  the  two  always  depends  on  the  shape  of  the  PSDF  or  A  .  ang 
[2]  suggests  that  the  PSDF  and  the  ACF  for  dynamic  speckle  are  Gaussian.  A  normalized  (to  urn 

total  power)  Gaussian  PSDF  may  be  written  as 


.  2V/«2 


(2V/«2) 


f-f 

Af 


(11) 
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where  Af  is  the  full  width  half  maximum  (FWHM)  BW.  Using  Eq.  (]  0),  the  corresponding 
normalized  ACF  function  is  easily  determined  to  be 


tu  (t:)  =  exp 


(  7cA/t 


[lyfinl ) 


exp(-J27t/x) . 


(12) 


Of  the  many  definitions  of  correlation  time  (e.g.,  the  1/e  point  of  a  Gaussian  ACF,  the  first 
zero  in  a  Sine  ACF,  etc.),  Goodman's[3]  is  most  common  for  arbitrary  correlation  functions  and  is 
given  by 


The  function  yu(z)  is  the  magnitude  of  the  normalized  ACF,  tyfx),  and  is  given  by 


yu(^)=  rc/(x) 


=  exp 


7cA/r 

2V'in2 


(14) 


Using  Goodman's  definition,  we  arrive  at  the  following  correiation  time  associated  with  a  random 
process  which  has  a  Gaussian  PSDF,  with  FWHM  bandwidth  Af  : 

1  l21n2  0.664 

Af  V  r.  Aj 

It  is  interesting  to  note  that  this  definition  of  correiation  time  yields  yu('^c)~  exp(-7c/2)  (or 
0.21),  as  contrasted  with  the  commonly  used  exp(-l)  (or  0.37)  point  on  the  normalized 
autocorrelation  function. 


In  the  following  sections,  we  discuss  the  effects  of  three  object  dynamics  associated  with  a 
rotating  cylinder  on  the  BW  and  correlation  time  of  the  coherently  detected  field. 

3.2.2.  Effect  of  Object  Rotation  on  Speckle  Translation  (Rotation-induced  speckle 
translation) 

As  the  object  rotates  with  angular  velocity  Q,  the  speckle  field  rotates  at  an  angular 
velocity  of  20  about  its  longitudinal  object  axis.  These  rotating  speckles  induce  an  amplitude  and 
phase  modulation  on  the  coherently  detected  EF  signal.  These  modulations  result  in  a  degradation 
of  the  temporal  correlation  of  the  IF  signal  which  can  be  characterized  by  the  correlation  time  as 
described  above.  At  the  receiver,  the  speckle  field  has  a  transverse  velocity  of 

?/^,^  =  2ar  =  47t/,^,r,  (16) 

where  z  is  the  object  to  transceiver  distance  and/^-o/  is  the  rotational  frequency  of  the  object.  For 
a  rectangular  object  cross  section,  the  average  speckle  length  at  the  receiver  is  given  by  the  Van 
Cittert-Zemike  theorem  to  be 


L 


!rans 


(17) 


where  r  is  the  object  radius.  The  ratio  of  the  correiation  length  to  the  transverse  velocity  yields 
the  following  correiation  time 
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‘^trans  “ 


^trans 

V 

^  trans 


X 

^T^frot  ' 


(18) 


Using  Eq.(l  5),  we  can  relate  the  correlation  time  to  the  BW  by 


_  V2b2/7t 

^ trans  ~ 

trans 


4V2^^  =  8.35^. 


(19) 


This  result  indicates  that  the  bandwidth  associated  with  object  rotation-induced  speckle 
translation  is  linearly  proportional  to  the  rotation  rate  and  the  radius  of  the  cylinder,  and  inversely 
proportional  to  the  wavelength. 


3.2.3.  Effect  of  Scatter  Exchange  on  Speckle  Boiling 

The  impact  of  rotation-induced  scatter  exchange  on  the  detected  field  is  that  of  speckle 
boiling,  which  is  another  form  of  amplitude  and  phase  modulation  of  the  IF  signal.  As  an  object 
rotates,  new  scatterers  are  introduced  into  the  illuminated  region  and  produce  a  different  speckle 
field  with  an  entirely  new  complex  field  distribution  at  the  receiver  plane. 


Precise  definition  of  the  object  rotation  angle  necessary  to  decorrelate  the  speckle  field  at 
the  receiver  is  difficult,  but  a  conservative  estimate  would  be  one  quarter  rotation  (7t/2).  We 
therefore  use  the  following  estimators 


1 

^frot 


(20) 


A/exc  “ 


V21n2/7t 

"tgxc 


=  4^2\n2/  Tzf rot  =  2. 66 f rot. 


(21) 


Comparing  the  bandwidths  for  the  scatter-exchange  process  with  those  produced  by 
rotation-induced  translation,  we  infer  that  for  the  case  of  a  fully  illuminated  rotating  object, 
rotation-induced  speckle  translation  dominates.  This  result  would  be  quite  different  if  the  object 
was  illuminated  with  a  small  focused  spot  [4].  In  this  case,  scatter-exchange-induced  speckle 
boiling  can  easily  exceed  the  IF  broadening  due  to  rotation-induced  speckle  translation. 

3.2.4.  Effect  of  Doppler  Shifts  on  Speckle  Boiling 

For  a  rotating  object,  the  light  scattered  from  any  point  will  be  Doppler  shifted  in  an 
amount  commensurate  with  that  points  instantaneous  radial  velocity  (  depicted  in  Figure  2). 
Thus,  the  detected  signal  will  be  a  random  sum  of  an  ensemble  of  scattered  fields  with  varying 
fi'equencies,  amplitudes  and  phases.  Such  a  sum  results  in  an  amplitude  and  phase  modulation  of 
the  detected  IF  known  as  Doppler  broadening  which,  in  terms  of  speckle  dynamics,  results  in 
speckle  boiling. 

The  frequency  shift  induced  by  the  Doppler  phenomena  is  easily  predicted.  It  is  weU 
known  that  the  Doppler  shift  of  light  reflected  fi'om  a  moving  object  is  given  by 

2F, 

fd=-^,  (22) 


where  is  the  radial  velocity  of  the  illuminated  point  on  the  object  surface.  For  a  rotating 
cylindrical  object  this  radial  velocity  is  given  by 
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(0)  =  -Orsin(Q )  (23) 

The  maximum  velocity  difference  across  the  rotating  cylinder  is  found  by  straightforward  analysis 
to  be  given  by 

=|2Vz(e)inax|  =  2ar  =  47:rfrot  .  (24) 


The  maximum  Doppler  frequency  spread  is  found  by  combining  the  above  two  equations 


2AK 


max 


^  ^T^frot 
X 


(25) 


To  compute  the  FWHM  BW  Doppler  broadening  we  must  assume  something  about  the 
shape  of  the  PSDF  due  to  Doppler  alone.  This  would  require  knowledge  of  the  Bidirectional 
Reflectance  Distribution  Function  (BRDF)  of  the  object.  We  have  analyzed  various  cases  for 
hypothetical  BRDF's,  all  of  which  yield  an  IF  FWHM  BW  on  the  order  of  1/2  to  1/8  of  the 
maximum  Doppler  frequency  deviation.  Thus,  for  our  heuristic  analysis  we  assume  a  nominal 
factor  of  1/4. 


^ / Doppler  ~  fdmax  ~ 


The  correlation  time  is  then  given  by  Eq.(15) 

"^Doppler 


ln2  X  . 


=  0.2- 


rfrot  '~rfrot' 


(26) 


(27) 


Comparing  Eqs.  (19)  and  (26),  it  is  obvious  that  the  two  dominant  object  dynamics  (i.e.,  rotation- 
induced  speckle  translation  and  Doppler-induced  speckle  boiling)  produce  nearly  identical  IF 
bandwidths.  Although  the  heuristic  analysis  is  by  nature  inexact,  it  does  provide  us  with  a  relative 
measure  of  the  effects  of  object  dynamics  on  the  speckle  dynamics  and  the  associated  PSDF/ACF. 

3.2.5.  Combined  Effects  of  Doppler  and  Object  Rotation-Induced  Translation 

The  combined  effect  of  speckle  boiling  and  speckle  translation  is  a  convolution  of  the 
component  PSDF's  or  a  multiplication  of  the  ACF's  (W'^ang  [2]).  Thus  the  combined  effects  of 
Doppler-induced  boiling  and  rotation-induced  translation  is  a  convolution  of  the  two  individual 
effects,  and  for  the  case  of  Gaussian  component  PSDF's,  the  resultant  PSDF  is  Gaussian  with  a 
FWHM  BW  equal  to  the  root-sum-square  (RSS)  of  the  component  FWHM  BW's. 


4.  PRELIMINARY  EXPERIMENTAL  RESULTS 


4.1.  Experimental  Description 

Experiments  were  conducted  to  verify  the  laboratory  scale  theoretical  predictions 
presented  in  the  prior  section.  Two  coherent  detection  ladar  systems  with  wavelengths  of  1.06 
and  10.6  microns  were  used  to  illuminate  a  rough,  rotating  cylinder,  while  the  power  spectra  of 
the  raw  IF  signals  were  measured  wdth  a  spectrum  analyzer.  The  frequency  broadened  spectra 
were  recorded  and  analyzed. 
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The  1.06  micron  coherent  ladar  testbed  utilizes  a  monostatic  offset  homodyne 
configuration.  The  system  consisted  of  a  50  mW,  CW  Nd:  YAG  source,  a  27  MHz  acousto-optic 
modulator  fi'equency  shifter  in  the  transmit  path,  and  a  100  micron  InGaAs  p-i-n  detector  in 
conjunction  with  a  100  MHz  transimpedance  amplifier.  The  target  was  a  2.4  mm  diameter 
sandblasted  steel  cylinder  mounted  fi'om  one  end  in  a  collet-type  spindle  and  rotated  at  10  Hz 
(600  RPM)  with  its  rotational  axis  perpendicular  to  the  ladar  transceiver's  line  of  sight.  The 
illuminating  beam  spot  size  (1/e),  and  thus  the  effective  target  length,  was  approximately  4  mm  in 
diameter,  with  a  phase  front  radius  of  curvature  of  approximately  50  m. 

The  10.6  micron  testbed  was  also  configured  as  a  monostatic  offset  homodyne  ladar.  This 
testbed  consisted  of  a  10  W,  CW  CO2  source,  a  27  MHz  acousto-optic  modulator  fi'equency 
shifter  in  the  transmit  path,  and  a  100  micron  HgCdTe  detector.  The  same  target  was  configured 
identically  in  both  systems. 

Power  spectra  measurements  were  taken  with  each  system  for  two  target  rotational  speeds 
(10  and  20  Hz),  at  a  target  to  receiver  distance  of  2  meters.  The  results  of  these  experiments  are 
presented  in  the  next  section. 

4.2.  One  Micron  System  Measurements 

Two  measured  1.06  micron  power  spectra,  corresponding  to  10  Hz  and  20  Hz  rotation 
rates,  are  superimposed  in  Figure  3.  These  traces  consist  of  100  fi'ame  video  averages  of  the  raw 
IF  spectrum.  The  PSDF's  are  indeed  Gaussian,  as  demonstrated  by  the  Gaussian  curve  fits  to  the 
raw  data.  The  measured  FWHM  of  these  curves  are  compared  to  those  predicted  by  the  heuristic 
analysis  in  Table  1.  Note  that  doubling  the  rotational  fi'equency  fi'om  10  to  20  Hz  approximately 
doubles  (within  measurement  tolerances)  the  FWHM  bandwidth  of  the  measured  PSDF.  The 
center  fi'equency  amplitude  is  reduced  as  well,  tending  to  conserve  total  power  (integrated  PSDF 
area). 

Table  1  Measured  vs.  theoretical  FWHM  bandwidths  for  the 
two  target  rotation  rates  of  the  1  micron  experiment. 


\  J  rot 

10  Hz 

20  Hz  i 

-  ■  i 

Measured 

90  kHz 

160  kHz  1 

Theoretical  rotation-induced  translation 

95  kHz 

190  kHz  1 

Theoretical  Doppler-induced  boiling 

71  kHz 

142  kHz  ; 

Theoretical  RSS 

118  kHz 

236  kHz 

The  measured  FWHM  BW  values  in  Table  1  are  within  25%  to  30%  of  the  theoretical 
combination  (RSS)  of  the  translation  and  Doppler  effects.  This  is  a  reasonable  agreement  given 
the  inexact  nature  of  the  heuristic  analysis.  Experimental  isolation  of  at  least  one  of  the 
component  PSDF's  will  be  necessary  to  further  refine  the  accuracy  of  the  theoretical  estimates. 
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Figure  3.  1.06  micron  power  spectrum  a)  10  Hz;  b)  20  Hz,  with 
superimposed  Gaussian  fits,  for  2  meter  range  to  target. 

Figure  4  shows  the  autocorrelation  functions  for  the  two  data  sets  illustrated  in  Figure  3. 
For  the  raw  data,  an  FFT  was  employed  to  compute  the  ACT  fi-om  the  PSDF.  The  Gaussian 
traces  (solid  lines)  shown  in  Figure  4  are  analytic  Fourier  transforms  of  the  Gaussian  fits  fi-om 
Figure  3 .  The  excellent  agreement  between  the  transforms  of  the  raw  data  and  the  transforms  of 
the  analytic  curve  fits  confirms  the  Gaussian  nature  of  the  PSDF. 


Figure  4.  1.06  micron  autocorrelation  function  a)  10  Hz;  b)  20  Hz,  with  analytic  Fourier 
transforms  of  the  Gaussian  PSDF  fits,  for  2  meter  range  to  targe*. 
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4.3.  Ten  Micron  System  Measurements 

Identical  measurements  were  conducted  with  the  one  and  ten  micron  testbeds,  with 
significantly  different  results.  Figure  5  shows  measured  PSDF  traces  for  a  target  rotating  at  10 
Hz  (trace  a)  and  20  Hz  (trace  b)  in  the  ten  micron  system.  The  smooth  curves  are  attempts  at 
Gaussian  fits.  As  evident  in  Figure  5,  the  full  span  of  neither  trace  could  be  fitted  well.  The 
Gaussian  curves  shown  in  Figure  5  only  fit  the  central  lobe,  which  we  refer  to  as  the  narrowband 
component  for  its  narrow  relative  bandwidth.  In  the  outer  region  of  the  measured  data  (refe^ed 
to  as  the  broadband  component)  a  much  lower  amplitude  Gaussian  fit  is  also  apparent  (cf..  Figure 

6). 

4.3.1.  Narrowband  Component 

The  narrowband  region  of  the  measured  data  constitutes  the  bulk  of  the  signal  power.  For 
both  rotation  rates,  the  FWHM  of  each  trace  did  not  scale  by  the  inverse  of  the  wavelength  ratio 
as  predicted  by  our  heuristic  analysis.  Each  FWHM  bandwidth  is  sigruficantly  less  than  1/10  of 
those  measured  at  one  niicron.  For  example  at  10  Hz,  the  measured  one  micron  FWHM  BW 
should  scale  from  90  kHz  to  9  kHz.  However,  the  narrowband  component  of  the  ten  micron 
spectrum  of  Figure  5  shows  little  more  than  2  kHz  of  FWHM  BW. 


Figure  5.  10.6  micron  power  spectrum  a)  10  Hz;  b)  20  Hz,  for  2  meter  range 
to  target  with  superimposed  Gaussian  fits  for  the  narrowband  components. 


4.3.2.  Broadband  Component 

The  broadband  region  of  the  PSDF  is  magnified  in  Figure  6.  In  this  region  the  Gaussian 
fits  scale  with  the  one  micron  data.  That  is,  for  1 0  Hz.  rotation,  the  FWHM  B W  scales  from  90 
kHz  at  one  micron  to  9  kHz  at  ten  microns.  Therefore  excellent  agreement  is  observed  between 
the  full  one  micron  spearum  and  the  broadband  component  of  the  ten  micron  spearum. 
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Figure  6.  Enlarged  1 0.6  micron  power  spectrum  a)  1 0  Hz;  b)  20  Hz,  for  a  2  meter 
target  with  superimposed  Gaussian  fits  for  the  broadband  components. 

4.3.3.  Discussion  of  the  Ten  Micron  Results 

Table  2  summarizes  our  results  for  the  ten  micron  experiment.  Given  the  dual  Gaussian 
nature  of  the  measured  PSDF's,  little  agreement  is  expected  between  the  heuristic  analysis 
predictions  and  the  measured  results.  The  FWHM  BW  of  the  braodband  component  was  in  good 
agreement  with  the  hueristic  analysis  however  the  FWHM  BW  of  the  narrowband  component  is 
not. 


Table  2  Measured  vs.  theoretical  FWHM  bandwidths  for  thelO.6  micron 
experiment  for  narrowband  and  broadband  components. 


frot 

lOHz 

20  Hz 

Theoretical  rotation-induced  translation 

9.5  kHz 

19  kHz 

Theoretical  Doppler-induced  boiling 

7.1  kHz 

14.2  kHz 

Theoretical  RSS  (assuming  diffuse  reflection) 

1 

11.8  kHz 

^  23.6  kHz 

Measured  Broadband  Component  j 

9kHz 

I 

16kHz 

Measured  Narrowband  Component  | 

L.  .  - . -  ....  1 

2kHz  1 

4.5  kHz 

We  speculate  that  the  two  regions  of  Gaussian  struaure  (narrowband  and  broadband)  in 
the  ten  micron  data  arise  from  the  target's  greater  specular  reflectivity  at  the  longer  wavelength. 
Associated  with  the  increased  specualar  reflectivity  would  be  a  peak  in  the  angular  intensity 
distribution  of  the  field  reflected  from  the  cylinder.  Such  a  peak  would  be  narrow  in  angular 
extent  and  would  be  quickly  diminished  to  diffuse  levels  vith  displacement  from  the  specular 
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reflection  angle.  This  near-specular  reflection  would  give  rise  to  a  windowing  effect  in  which  a 
significant  portion  of  the  reflected  energy  is  scattered  fi’om  a  narrow  section  of  the  cylinder 
surface.  The  narrow  "window"  produces  a  distinct  speckle  field  with  transversely  longer  speckles 
than  those,  produced  by  the  energy  diffusely  scattered  from  the  full  diameter  of  the  target. 

This  dual  scale  speckle  field  is  easily  demonstrated.  Figures  7  and  8  show  two  distinct 
ponions  of  a  far  field  speckle  pattern  produced  by  illuminating  a  slightly  polished  metal  cylinder 
(not  our  target  cylinder)  with  a  HeNe  laser  (0.6328  microns).  This  configuration  produces  a  wide 
speckle  band  transverse  to  the  cylinder  axis.  The  pattern  of  Figure  7  was  located  in  the  horizontal 
plane  of  the  illumination  (with  the  cylinder  axis  venical)  and  slightly  off  the  illumination  axis.  The 
speckle  cells  exhibited  are  relatively  long  with  many  extending  over  the  entire  transverse  extent  of 
the  field  of  view.  Above  and  below  this  in-plane  field  is  the  pattern  of  Figure  8,  which  exhibits 
much  shorter  speckle  ceils  characteristic  of  diffuse  scattering. 


Figure  7.  Near-specular  portion  of  the  speckle  field  resulting 
fi'om  HeNe  illumination  of  a  slightly  polished  cylinder. 


Figure  8.  Diffuse  portion  of  the  same  speckle  field  shown  in  Figure  7 
obtained  by  tilting  the  cylinder  with  respect  to  the  y  axis. 
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The  effect  of  the  longer  speckle  cells  in  Figure  7  on  the  translation-associated  component 
of  the  PSDF  bandwidth  is  evident  from  our  heuristic  analysis.  Equation  1 8  gives  the  linear 
relationship  between  the  average  speckle  length  and  the  correlation  time.  The  longer  speckles 
increase  the  correlation  time  and  decrease  the  bandwidth  of  the  translation  effects.  The  effect  of 
the  longer  speckle  cells  on  the  Doppler-induced  boiling  bandwidth  is  also  evident  from  the 
analysis.  Equation  25  illustrates  the  linear  relationship  between  the  cylinder  surface's  radial 
velocity  relative  to  the  ladar  receiver  and  the  maximum  Doppler-induced  boiling  bandwidth.  The 
maximum  radial  velocity  within  the  narrow  "window",  which  must  be  located  at  the  cylinder's 
center-plane,  is  much  smaller  than  that  associated  with  the  full  cylinder  diameter.  The  boiling  BW 
is  correspondingly  reduced. 

Since  the  speckle  fields  resulting  from  the  near-specular  and  the  diffuse  reflected  field 
components  are  spatially  superimposed,  the  two  PSDF's  are  additive  (each  the  product  of  the 
convolutional  relationship  discussed  earlier),  giving  rise  to  the  two  regions  of  Gaussian  structure 
exhibited  by  the  ten  micron  data.  The  relative  amplitudes  of  these  two  regions  would  be 
commensurate  with  the  relative  strength  of  the  diffuse  and  near-specular  reflections  from  the 
object.  Thus  at  one  micron,  where  the  reflected  field  is  predominately  difloise  only  one  Gaussian 
structure  is  observed  while  at  ten  microns  two  are  present. 

5.  CONCLUSIONS 

We  have  shown  that  a  statistical  model  utilizing  the  MCF  of  the  detected  field  is  required 
to  describe  the  shape  and  BW  of  the  IF  PSDF.  However,  for  a  plane  wave  illuminated  rotating 
cylindrical  target,  no  tractable  solution  to  the  MCF  exists  due  to  a  spatial  non-stationarity  in  the 
refleaed  field.  On  the  other  hand,  a  heuristic  analysis  of  the  problem  yields  significant  insight  into 
the  BW  of  the  PSDF. 

Our  heuristic  analysis  assumed  the  IF  PSDF  may,  in  general,  be  modelled  as  the 
convolution  of  two  Gaussian  component  PSDF's,  one  arising  from  speckle  translation  effects  and 
the  second  arising  from  speckle  boiling  effects.  For  the  specific  case  of  a  plane  wave  illuminated 
rotating  cylinder,  our  analysis  estimated  the  BW  of  the  translational-effect  PSDF  based  on  speckle 
size  at  the  receiver  and  object  rotational  speed.  We  also  concluded  that  the  boiling-effect  PSDF 
was  dominated  by  Doppler  effects,  and  estimated  the  associated  BW  based  on  the  maximum 
surface  velocity  of  the  rotating  cylinder.  The  estimated  BW's  for  both  component  PSDF's  were 
comparable.  The  BW  of  the  composite  PSDF  is  shown  to  be  the  RSS  of  the  component  BW's 
since  the  composite  spectrum  is  the  convolution  of  two  Gaussian  component  spectra. 

Measured  composite  PSDF's  for  the  one  micron  system  were  Gaussian  in  shape,  and  the 
associated  BW  values  were  reasonably  consistent  with  the  predictions  of  the  heuristic  analysis. 
Measured  composite  PSDF's  for  the  ten  micron  system  appeared  to  be  the  sum  of  two  Gaussian 
spectrums  of  distinctly  different  aspect  ratio.  We  speculated  that  one  arose  from  the  diffuse 
portion  of  the  reflected  field  and  the  other  from  a  near-specular  portion  of  the  reflected  field.  We 
believe  the  BW  of  the  diffusely  reflected  field  is  dependent  upon  the  physical  radius  of  the  cyhnder 
while  the  BW'  due  to  the  specularly  reflected  field  is  dependent  upon  a  narrower  longitudinal 
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section  of  the  cylinder's  illuminated  surface.  Lastly,  we  observed  that  the  relative  amplitudes  of 
the  two  Gaussian  spectra  appear  to  be  commensurate  with  the  relative  power  of  the  two  reflected 
fields  (near-specular  vs.  diffuse)  at  the  observation  point. 
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ABSTRACT 

An  eye  safe  Ho:YAG  laser  operating  CW  at  2.09  pm  was  used  as  the  transmitter  for  this 
laser  radar  (ladar)  system.  The  diode  pumped  Ho;YAG  laser  provided  up  to  100  mW  of  single 
frequency  output  power.  An  InGaAs  detector  was  selected  as  the  off-set  homodyne  receiver  for 
vibration  signatures.  This  p^er  describes  the  design  and  characteristics  of  the  laser  vibration 
sensor  that  is  based  on  laser  Doppler  radar.  Initially,  the  sensor  was  calibrated  using  a 
piezoelectric  loudspeaker,  then  vibrational  signatures  were  obtained  for  automobiles  having  four 
and  eight  cylinder  engines.  This  two  micron  laser  Doppler  radar  permitted  high-resolution 
vibrational  signatures  detection,  remotely,  at  ranges  up  to  50  meters. 

Keywords:  Laser  Doppler  radar.  Laser  Radar.  Ladar,  Eye  Safe  Ladar,  Vibration  Sensor,  Combat 
Identifrcation,  Identification  Friend  or  Foe,  Ladar  for  IFF 


1.  INTRODUCnON 

Recently,  SEO  completed  a  study  of  Non-Cooperative  Combat  Identification  (NCCI)  for 
the  U.S.  Army  under  contract  DAAB07-93-C-U004.  In  that  program,  a  diode  pumped  eye-safe 
Ho:YAG  laser  was  used  with  an  offset  homodyne  receiver  to  obtain  high-resolution  vibration 
signatures  remotely  for  identification  of  friend  or  foe  (IFF).  This  paper  describes  the  design  and 
characteristics  of  the  laser  vibration  sensor  developed  under  this  contract. 
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camer-to-noise  ratio  for  the  laser  sensor.  As  is  common  in  the  literature,  we  make  a  distinction 
between  the  carrier-to-noise  ratio  (CNR)  and  the  signal -to-noise  ratio  (SNR).  The  CNR  is 
defined  as  the  ratio  of  the  intermediate  frequency  (IF)  carrier  piower  to  the  noise  power,  while 
the  SNR  is  the  ratio  of  the  signal  power  to  the  noise  power.  The  SNR  depends  not  only  on  the 
CNR,  but  also  on  the  type  of  signal  (i.e.,  range,  velocity,  vibration)  and  the  signal  processing 
architecture  (i.e.,  demodulators,  range  gates,  signal  bandwidth,  analog  to  digital  converters,  etc.). 
For  reliable  system  operation  the  minimum  CNR  should  be  on  the  order  of  10  dB.  For  a 
properly  designed  (i.e.,  shot-noise  limited)  heterodyne  receiver  the  CNR  is  given  by 

CNR  =  (1) 


where  ti  is  the  detector  quantum  efficiency,  y  is  the  heterodyne  or  mixing  efficiency,  is  the 
received  optical  signal  power,  h  is  Plank's  constant,  v  is  the  optical  frequency,  and  P  is  the 
receiver  bandwidth.  The  detector  quantum  efficiency  is  the  ratio  of  photoelectrons  generated  by 
the  photovoltaic  detector  to  the  number  of  incident  photons.  The  quantum  efficiency  of  the  room 
temperature  InGaAs  detector  utilized  in  this  program  was  measured  to  be  70%.  The  heterodyne 
efficiency  is  the  overly  integral  between  the  local  oscillator  field  and  the  signal  field.^ 
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Here  U,  and  are  the  signal  and  local  oscillator  fields  respectively,  and  the  integration  is 
performed  over  the  detector  surface  area.  For  a  uniform  local  oscillator  field  and  an  Airy  signal 
field  the  optimum  efficiency  is  on  the  order  of  71.6%  and  occurs  when  the  detector  diameter  is 
matched  to  72%  of  the  first  Airy  zero  (i.e.,  2.44  Xf/D  vdiere  f  is  focal  length  and  D  is  diameter 
of  the  telescope)^  The  receiver  bandwidth  is  critical  to  the  receiver  performance.  Excessive 
bandwidth  results  in  excess  noise  and  a  reduced  CNR,  vdiile  insufficient  bandwidth  distorts  the 
signal.  The  received  laser  power  can  be  calculated  directly  from  the  ladar  equation.  The  ladar 
equation  is  a  radiometric  calculation  that  relates  the  received  signal  power  to  the  ladar,  target, 
and  atmospheric  parameters.  The  ladar  equation  has  two  forms;  one  for  resolved  targets,  where 
the  beam  spot  size  is  smaller  than  the  target,  and  the  other  for  unresolved  targets.  For  the  tactical 
scenario  of  interest  the  targets  cross  section  is  on  the  order  of  10  square  meters  and  the  spot  size 
is  on  the  order  of  0.1  square  meters.  Therefore,  the  target  is  resolved  by  the  beam  and  the 
corresponding  ladar  equation  is  given  by'^ 

Ps  =  ^3) 

where  is  the  laser  power,  4  is  the  transmitter  optical  efficiency,  is  the  receiver  optical 
efficiency,  p  is  the  target  reflectance,  T  is  the  one  way  transmission,  ^ is  the  receiver  aperture 
area,  R  is  the  range  to  the  target,  and  P2,  is  the  solid  angle  of  the  target  backscatter.  For  a 
resolved  target  the  received  power  is  inversely  proportional  to  the  range  squared.  If  the  target 
is  smaller  than  the  beam  spot  size,  then  the  unresolved  form  of  the  ladar  equation  applies.  This 
form  is  given  by 
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where  A  is  the  target  cross  sectional  area  and  Q,  is  the  transmit  beam  solid  angle.  For  an 
unresolved  target  the  received  power  is  proportional  to  the  range  to  the  negative  fourth  power. 

The  CNR  was  calculated  to  be  greater  than  10  dB  for  a  100  mW  CW  coherent  ladar  with 
a  5  cm  transmit/receive  aperture,  a  system  bandwidth  of  100  kHz,  a  combined  optics  and 
detection  efficiency  of  10%,  and  a  10%  reflectivity  target  of  1  m^  at  range  of  1  km.  This 
calculation  was  based  on  a  standard  clear  day  (23  km  visibility).  The  same  calculation  for  a  hazy 
day  (5  km  visibility)  indicates  that  250  mW  is  necessary.  However,  with  a  10  cm  aperture, 
assuming  turbulence  is  not  a  limiting  factor,  less  than  100  mW  is  required  for  either  atmospheric 
condition.  Therefore,  a  10  cm  receiver  ^erture  and  100  mW  transmitter  power  was  selected  to 
obtain  the  required  range. 


3.  LADAR  EXPERIMENTAL  SET-UP 

A  brief  description  of  the  ladar  experimental  setup  is  given  in  this  section. 

3.1  Diode  Pumped  CW  Holmium  Laser 

A  diode  pumped  eye-safe  Ho;YAG  laser,  providing  a  100  mW  output  power  was  used  as 
the  CW  transmitter  for  this  Doppler  radar  application.  The  design  of  the  laser  includes  cooling 
of  the  laser  crystal  from  -20  to  -40  °C  to  obtain  CW  lasing.  The  Ho:YAG  crystal  was  cooled 
using  a  six  stage  thermoelectric  (TE)  cooler. 

A  SDL-2462  diode  was  used  for  pumping  the  Ho:YAG  crystal.  The  SDL-2462  diode  was 
terminated  using  a  200  pm  core  fiber  with  a  0.5  numerical  ^erture.  The  diode  provided  786  nm 
output  wavelength  when  cooled  to  6  °C,  and  an  output  wavelength  of  790  nm  at  room 
temperature.  The  SDL-2462  laser  diode  was  provided  with  an  internal  TE  cooler.  The  laser 
diode  was  mounted  on  a  heat  sink  plate  which  was  cooled  using  a  circulating  coolant.  The  diode 
temperature  was  maintained  between  0  and  6  °C  to  obtain  an  output  wavelength  of  786  nm.  The 
laser  diode  output  was  directly  coupled  to  the  crystal  by  placing  the  fiber  very  close  to  the 
crystal.  A  hemispherical  resonator  cavity  consisting  of  two  mirrors,  one  high  reflectivity  (HR) 
flat  mirror  coated  directly  on  the  Ho;YAG  crystal,  and  a  curved  (10  cm  radius  of  curvature,  98% 
reflectivity  at  2.1  pm)  output  coupler,  were  used.  The  internal  surface  of  the  crystal  was  anti¬ 
reflection  (AR)  coated  for  2.1  pm  and  the  external  surface  was  coated  for  HR  at  2.1  pm  and  high 
transmission  over  the  pump  region  of  786  nm.  Tuning  of  the  Ho;YAG  gain  spectrum  is  achieved 
by  manual  rotation  of  an  uncoated,  1  mm  thick,  fused  silica  etalon  inserted  in  the  resonator.  The 
spectral  and  spatial  profiles  of  the  transmitter  were  monitored  with  a  scanning  confocal 
interferometer  (Burleigh  Instruments  CFT-500;  resolution  —3  MHz)  and  a  laser  beam  analyzer 
(Spiricon  LBA-IOOA  with  a  Cohu  4800  silicon  CCD  camera),  respectively.  The  maximum  power 
was  determined  by  the  current  limit  of  the  diode  laser  input  power.  The  laser  was  designed, 
fabricated  and  tested  at  SEO. 
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A  conventional  optics  transceiver  was  used  to  obtain  Doppler  signals  from  a  variety  of 
targets.  Recently,  there  has  been  much  interest  in  the  use  of  coherent  detection  for  long  range 
fiber  optic  communication  systems.  This  has  motivated  the  development  of  various  fiber 
components  needed  to  implement  fiber  based  coherent  detection  receivers.  The  application  of 
fiber  optics  technology  to  coherent  ladar  systems  is  compelling  for  several  reasons.  Firstly,  fiber 
optic  components  are  much  more  compact  and  lightweight  than  conventional  optics.  This  is  an 
important  consideration  for  systems  that  may  eventually  be  deployed  in  the  military  environments. 
Secondly,  if  properly  constructed,  fiber  optic  systems  are  less  likely  to  go  out  of  alignment, 
especially  under  conditions  of  vibration  or  high  acceleration.  Finally,  fiber  optics  is  compatible 
with  the  use  of  integrated  opto-electronic  components  such  as  modulators  and  switches,  which 
have  characteristically  lower  power  consumption  and  better  high  frequency  response  than 
conventional  discrete  devices.  It  is  interesting  to  note  that  10  micron  Doppler  ladars  do  not  have 
a  fiber  technology  equivalent  to  that  which  is  available  for  systems  operating  with  wavelengths 
within  the  silica  window. 

3.2.1  Ladar  Transceiver  Optics 

The  experimental  laser  vibration  sensor  is  depicted  in  Figure  1.  An  offset  homodyne 
configuration  is  employed  to  measure  the  vibration  signatures  of  stationary  objects  as  shown  here. 
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Figure  1:  2  Micron  Laser  Doppler  Radar  Experimental  Set-up 
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To  accommodate  moving  targets,  a  frequency  tracking  IF  local  oscillator  would  be  required.  In 
the  offset  homodyne  configuration,  a  portion  of  the  laser  power  is  extracted  for  the  vertically 
polarized  local  oscillator  by  the  variable  power  divider.  This  variable  power  divider  consists  of 
a  half  wave  plate  and  a  polarizing  beam  splitter.  The  remaining  horizontally  polarized  laser 
energy  is  frequency  shifted  (single  side  band  modulation,  suppressed  carrier)  by  27.12  MHz  using 
the  acousto-optic  modulator.  This  energy  is  then  transmitted  through  the  optical  duplexer  and 
directed  towards  the  target  using  the  scan  mirror. 

The  optical  duplexer  consists  of  a  polarizing  beam  splitter  and  a  quarter  wave  plate.  The 
outgoing  beam  is  converted  to  a  right-hand  circular  polarization  by  the  quarter-wave  plate,  and 
upon  reflection  from  the  target  becomes  predominantly  left-hand  circularly  polarized.  After 
passing  through  the  quarter-wave  plate  once  more,  the  polari2tation  is  converted  to  vertical.  The 
vertically  polarized  signal  field  is  then  diverted  to  the  receiver  via  the  polarizing  beam  splitter. 
The  local  oscillator  and  the  return  signal  fields  are  combined  in  the  50/50  non-polarizing  beam 
splitter.  Large-scale  heterodyne  ladars  typically  utilize  a  beam  combiner  with  a  larger  mix  ratio 
(i.e.,  10/90).  However,  for  a  laboratory  ladar  vdiich  utilizes  the  same  laser  for  the  LO  and  the 
signal,  a  50/50  ratio  is  often  desirable,  especially  if  a  dual-balanced  detector  receiver  is  utilized. 
The  high  cost  of  graded  InGaAs  detectors,  precluded  the  use  of  a  dual-balanced  detector 
configuration  in  this  program.  Once  the  two  beams  have  been  combined,  they  are  focused  onto 
the  small  (75  micron)  graded  dopant  InGaAs  detector.  The  focal  length  of  the  lens  was  selected 
to  maximize  the  heterodyne  efficiency. 

3J.J1  Ladar  Receiver  Electronics 

The  laser  vibration  sensor  receiver  electronics  are  depicted  in  Figure  2.  The  photocurrent 
from  an  off-the-shelf  graded  dopant  InGaAs  detector  is  converted  to  a  voltage  with  a  low-noise 
transimpedance  preamplifier.  The  gain  of  this  DC  coupled  preamplifier  is  lower  for  a  coherent 
receiver  (1  kfl  in  this  case)  than  for  a  direct  detection  receiver,  since  higher  bandwidths  are 
required  and  receiver  saturation  by  the  strong  (1  mA)  LO  photocurrent  must  be  prevented. 

The  output  of  the  preamplifier  is  a  voltage  which  is  then  AC  coupled,  filtered  and 
amplified  with  a  wide-band  RF  amplifier.  A  20  dB  automatic  gain  control  (AGC)  circuit  was 
designed  to  help  stabilize  the  IF  amplitude.  The  stabilized  IF  signal  is  then  frequency 
demodulated  using  a  commercially  available  wideband  (10  MHz)  frequency  discriminator.  At 
this  point  the  signal,  which  is  proportional  to  the  vibration  velocity,  is  integrated  to  generate  a 
phase  demodulated  signal  proportional  to  the  target  vibration  displacement.  The  integrator 
provides  a  gain  of  40  (26  dB)  for  DC  signals  and  has  an  integration  cut-on  frequency  of  1  Hz 
(i.e.,  an  integration  time  of  l/[27r]sec).  A  Hewlett  Packard  HP8560A  2.9  GHz  RF  Spectrum 
Analyzer  recorded  the  raw  IF  vibrations  spectra  and  a  Tektronix  DSA602  Signal  Processing 
Analyzer  recorded  the  demodulated  waveforms.  The  DSA602  is  a  high  speed,  maximum  2  GS/s, 
8  bit  digitizer,  with  a  maximum  sensitivity  of  10  mV  per  8  bits.  Frequency  spectra  of  the 
demodulated  signals  were  generated  via  a  custom  FFT  algorithm.  This  algorithm  was  scaled  to 
register  the  peak  value  of  a  sinusoid  to  facilitate  the  data  analysis.  In  the  automobile 
experiments,  1024  point  data  records  were  digitized  at  a  rate  of  1  KS/s.  Therefore  the  frequency 
resolution  of  the  FFT  algorithm  was  1000/1024  or  just  less  than  1  Hz. 
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Figure  2:  Vibration  Sensor  Electronics,  Block  Diagram 
4.  VIBRATION  SENSOR  PERFORMANCE 

Measurements  of  automobile  spectra  were  conducted  with  the  2.1  micron  laser  vibration 
sensor  test-bed.  These  experiments  were  conducted  in  two  phases.  In  the  first  phase,  the 
complete  system  (optics  and  electronics)  was  calibrated  using  a  piezoelectric  loudspeaker  as  a 
target.  Results  of  the  calibration  experiment  indicated  that  vibration  amplitude  sensitivities  on 
the  order  of  10  nm  could  be  readily  discerned.  Spectra  were  collected  for  stationary  automobiles 
in  the  second  phase.  In  these  experiments  clearly  unique  spectral  resonance  frequencies  were 
identified  for  two  different  automobiles.  This  indicates  the  usefulness  of  this  sensor  to  identify 
different  vehicles  by  their  vibration  spectra.  The  purpose  of  these  experiments  were  to 
characterize  the  2  pm  laser  vibration  sensor  for  Non-Cooperative  Combat  Identification  (NCCI) 
by  using  high  resolution  vibration  signatures  of  targets. 

4.1  Piezoelectric  Loudspeaker  Calibration  Experiments 

The  calibration  experiments  consisted  of  modulating  a  piezoelectric  loudspeaker  with  a 
monotone  sinusoidal  displacement  function.  The  purpose  of  these  calibration  experiments  was 
to  determine  the  characteristic  curve  which  relates  the  demodulated  voltage  amplitude  to  the 
target  displacement  amplitude  and  demonstrate  the  fidelity  of  the  sensor. 
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Results  of  Piezoelectric  Loudspeaker  Experiments:  A  variety  of  experiments  were 
conducted  at  different  modulation  indices  and  modulation  frequencies.  By  computing  the  Fast 
Fourier  Transform  of  the  demodulated  time  waveform,  accurate  measurements  of  the  demodulated 
amplitude  are  possible. 

=  0.225P  =  1.35I3p^  (5) 

Where,  V  is  the  resonant  frequency  amplitude  measured  in  mV  and  Dj,  is  the  corresponding 
target  displacement  in  micrometers  (pm).  Furthermore,  the  peak  voltage  was  found  not  to  be  a 
function  of  the  modulation  frequency,  indicating  the  high-fidelity  of  the  integrator.  Sub¬ 
micrometer  displacement  accuracy  were  achieved  using  the  ladar.  It  may  be  noted  that  the  ladar 
can  be  easily  converted  from  a  non-cooperative  to  a  cooperative  sensor  by  simply  providing  a 
piezoelectric  transducer  (PZT)  on  the  combat  vehicle  with  a  changeable  frequency  codes  for  the 
PZT. 

4^  Automobile  Vibration  Sensing  Experiments 

The  portable  2.1  micron  laser  vibration  sensor  was  deployed  outside  the  Ladar  Laboratory, 
on  October  24,  1993  to  collect  data  from  a  1988  Honda  Accord  (4  Cyl.)  and  a  1984  Oldsmobile 
Toronado  (8  Cyl.).  A  scan  mirror  and  a  boresighted  HeNe  Laser  were  used  to  direct  the  2.1 
micron  beam  onto  a  red  plastic  automobile  retroreflector  mounted  on  the  front  fender  of  the 
vehicle.  The  plastic  reflector  was  needed  to  obtain  enough  CNR  since  a  wideband  RF  filter  (1 
MHz  bandwidth)  was  utilized.  The  measured  RF  spectra  were  much  more  narrow  band  than 
anticipated  and  consequently  narrower  filters  could  have  been  deployed,  eliminating  the  need  to 
use  the  plastic  reflectors. 

Results  of  AutomolMle  Vibration  Sensing;  The  data  shown  in  Figures  3,  displays  the 
demodulated  amplitude  spectrum  of  two  automobiles  at  two  different  RPMs.  From  the  figure, 
one  can  observe  that  the  two  automobiles  exhibit  unique  resonance  frequencies  which  appear  at 
definite  harmonics  of  a  base  frequency.  For  the  Honda  Accord,  resonance  frequencies  occur  at 
multiples  of  24  Hz,  while  the  Oldsmobile  Toronado  exhibited  resonance  frequencies  at  multiples 
of  13  Hz. 

The  strength  of  the  resonance  frequencies  depends  on  the  engine  RPM  and  other 
mechanical  factors.  When  the  frequency  of  combustion  cycles  is  near  a  particular  resonance,  a 
strong  peak  is  observed  at  that  frequency.  For  example,  with  the  Honda,  two  combustion  cycles 
occur  per  crankshaft  revolution;  therefore,  the  combustion  frequency  is  twice  the  RPM.  Thus, 
at  an  engine  speed  of  800  RPM  the  combustion  frequency  is  26  Hz  and  the  data  shows  the 
strongest  resonance  at  25  Hz.  On  the  other  hand  at  1500  RPM  the  combustion  frequency  is  50 
Hz  and  the  strongest  peak  occurs  at  48  Hz.  Note  that  the  resonance  at  24  Hz  is  still  present  in 
the  1500  RPM  data.  For  the  Oldsmobile  Toronodo,  the  combustion  frequency  is  four  times  the 
engine  RPM;  this  corresponds  to  a  combustion  frequency  of  40  Hz  at  600  RPM  and  133  Hz  at 
2000  RPM.  The  data  also  demonstrates  that  as  the  RPM  is  increased  energy  is  transferred  from 
the  lower  resonance  frequencies  to  the  higher  resonance  frequencies.  The  widest  RF  bandwidth 
encountered  during  these  experiments  was  less  than  20  kHz. 
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Figure  3:  Vibration  Data  Using  NCCI  system 
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5.  CONCLUSIONS 


The  following  conclusions  may  be  drawn  based  on  the  results  obtained  during  the 
program: 

1)  SEO  demonstrated  an  innovative  ^proach  for  a  Non-Cooperative  Combat 
Identification  (NCCI)  sensor  using  an  eye-safe  laser  operating  at  2.1  pm.  We  did 
not,  however,  design  the  target  identification  algorithm  vdiich  would  consist  of  a 
data  base  of  known  target  spectra  and  a  correlation  algorithm. 

2)  A  single  frequency,  diode  pumped,  CW,  Ho:YAG  laser  providing  100  mW  output 
power  was  used  for  this  laboratory  NCCI  system.  The  laser  design  is  rugged  and 
compact.  The  laser  output  power  can  be  scaled  to  2  W  using  a  10  W  pump  laser 
to  make  an  operational  NCCI  system. 

3)  The  numerical  model  developed  during  the  program  will  allow  SEO  to  optimize 
the  system  for  the  battlefield  obscurant  and  the  atmospheric  turbulence. 
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6.0  RECIPROCAL  PATH  SCATTERING  THROUGH  RANDOM  MEDIA 


James  E.  Harvey,  Ph.D 

6.1  Background 

The  phenomenon  of  retroreflection  from  rough  surfaces  or  suspended  particles,  [1-3]  the  opposition  effect, 
[4-6]  enhanced  backscatter  (BBS),  [7-12]  the  double  passage  effect  [13-16]  or  reciprocal  path  imaging  [17,  18]  has 
received  a  great  deal  of  attention  in  recent  years.  This  naturally-occurring,  partial  conjugate- wave  phenomenon  has 
been  shown  to  be  caused  by  constructive  interference  produced  by  multiple  reciprocal  scattering  paths  through  a 
random  refractive  phase  screen  as  illustrated  in  Figure  6.1. 


Incident  Plene  Weve 


Figure  6-1:  Conjugate  wave  formation  by  reciprocal  path  scattering  through  a 
random  phase  screen  or  turbulent  medium. 

If  we  consider  two  arbitrary  ray  paths  (say  Ej  and  E4)  orthogonal  to  the  incident  plane  wave,  they  will  be 
scattered  by  the  random  phase  screen  as  indicated  schematically  in  Figure  6.1.  One  scattered  component  in  each  of 
the  resulting  angular  spectrum  of  ray  paths  will  be  directed  toward  the  target  and  reflected  (scattered)  back  along  the 
incoming  path  of  a  companion  scattered  component.  They  will  each  be  scattered  a  second  time  on  the  return  trip 
when  they  encotmter  the  random  phase  screen.  Again,  one  scattered  component  in  each  of  the  resulting  angular 
spectrum  of  ray  paths  will  be  directed  back  precisely  anti-parallel  to  the  incident  companion  ray  path.  Assuming 
that  the  temporal  variations  of  the  random  phase  screen  are  slow  relative  to  the  round-trip  time-of-flight,  light 
propagating  along  any  two  reciprocal  scattering  paths  will  clearly  experience  identical  phase  delays  due  to  their 
double  passage  through  the  same  two  points  on  the  random  phase  screen.  Since  the  above  situation  holds  for  a 
myriad  of  possible  ray  pairs  associated  with  the  incident  wavefront,  a  multitude  of  conjugate  waves  (perfect  plane 
waves)  are  formed  (each  having  its  own  total  phase  delay)  and  propagate  back  toward  the  transmitting  aperture 
along  with  all  of  the  returned  scattered  radiation. 
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Figure  6,2:  Monostatic  laser  imaging  configuration  used  to  demonstrate  the 
enhanced  backscatter  phenomenon. 

A  monostatic  laser  imaging  configuration  such  as  that  illustrated  schematically  in  Figure  6.2  is  required  for 
the  reciprocal  path  effect  to  exist  and  produce  a  conjugate  return  wave.  The  resultiug  irradiance  pattern  in  the  image 
plane  is  a  time-varymg  speckle  pattern  caused  by  the  random  phase  screen.  However,  by  averaging  over  many 
realizations  of  the  speckle  pattern,  a  narrow  enhancement  will  form  on  the  smoothed  scattered  light  distribution. 
Figure  6.3(a)  illustrates  a  computer  simulation  of  this  phenomena  representing  the  average  of  1 10  realizations  of  the 
speckle  pattem.[10]  The  target  was  assumed  to  be  an  optically  smooth  mirror  in  the  far  field  of  the  transmitting 
aperture.  A  deliberate  pointing  error  (incident  angle)  of  approximately  0.02  degrees  is  evident  from  the  position  of 
the  enhancement  relative  to  the  center  of  the  scattering  function. 

Figure  6.3(b)  shows  the  experimental  results  of  a  laboratory  experiment  in  which  a  propane  burner  was 
used  to  create  the  time-varying  random  phase  screen.  A  helium-neon  laser  was  used  as  a  source  for  illuminating  the 
target.  The  target  was  a  narrow  rectangular  mirror  whose  width  was  small  compared  to  the  size  of  the  illuminating 
beam.  After  reflecting  from  the  target  in  the  object  plane,  the  return  radiation  passed  through  the  random  phase 
screen  a  second  time,  was  focused  onto  the  image  plane,  and  recorded  with  a  CCD  camera  with  a  1 .0  sec  exposure 
time.  By  translating  the  target  slightly  firom  the  center  of  the  illuminating  beam,  the  recorded  image  was 
qualitatively  very  sumlar  to  the  previous  computer  simulation.  The  greater  width  of  the  measured  enhancement  is 
due  to  diffraction  firom  the  finite  extent  of  the  incident  beam. 
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Figure  6.3 :  (a)  Computer  simulation  of  the  EBS  phenomenon  (110  realizations), 

(b)  Measured  irradiance  profile  through  the  enhancement. 
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One  must  be  careful  not  to  confuse  the  backscatter  enhancement  with  an  image  of  the  target.  The 
scattering  function  is  the  (turbulence-induced)  blurred  image  of  the  target.  If  two  separate  targets  were  illuminated 
and  imaged  by  the  tracking  telescope,  there  would  not  be  two  separate  enhancements;  instead,  there  would  be  two 
separate  scattering  functions  with  a  single  enhancement  on  the  boresight  of  the  telescope  as  illustrated  schematically 
in  Figure  6.4(a).  Experimental  data  indicating  a  single  enhancement  due  to  two  separate  targets  is  illustrated  in 
Figure  6.4(b). 

A  direct  optical  image  is  not  formed  by  this  EBS  process;  however,  information  concerning  the  spatial 
frequency  content  of  the  image  does  exist  in  the  reciprocal  path  radiation,  and  image  reconstruction  algorithms  can 
be  implemented  to  recover  an  image  of  an  extended  object.[14,  15,  18]  We  introduce  the  descriptive  phrase 
reciprocal  path  scattering  (RPS)  when  referring  to  this  general  conjugate  wave  phenomenon,  and  reserve  the  phrase 
reciprocal  path  imaging  (RPI)  to  describe  attempts  to  exploit  this  phenomenon  for  obtaining  diffraction-limited 
images  of  extended  objects  actively  illuminated  through  random  media.  Furthermore,  polarizing  sparse  array 
configurations  have  been  described  which  yield  imiform  spatial  frequency  response  in  RPI  applications. [17,  18] 


Figure  6.4:  Two  separate  targets  result  in  a  single  backscatter  enhancement. 

(a)  Schematic  illustration,  (b)  Experimentally  measured  data. 

Since  the  enhancement  lies  precisely  on  the  boresight  of  the  optical  system  (the  return  conjugate  wave  is  a 
precise  retroreflection)  and  the  scattering  function  is  centered  on  the  geometrical  image  of  the  target,  this  RPS 
phenomena  seems  particularly  suited  to  pointing  and  tracking  applications. 

6.2  Accomplishments 

In  this  program  we  have  extended  the  concept  presented  by  Solomon  and  Dainty [14]  to  include 
subapertures  of  finite  size  for  use  in  reciprocal  path  imaging  applications  where  high  resolution  images  of  extended 
objects  with  fme  detail  are  required  (i.e.,  imaging  laser  radar  applications).  If  there  is  no  a  priori  knowledge 
concerning  the  spatial  frequency  content  of  the  object,  it  is  not  sufficient  merely  to  have  a  non-redundant  array  of 
subapertures.  The  array  configuration  and  the  size  of  the  subapertures  must  be  carefully  chosen  to  optimize  the 
spatial  frequency  response  of  the  system.  A  method  is  presented  for  constructing  both  one- dimensional  and  two- 
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dimensional  sparse  array  configurations  which  result  in  a  modulation  transfer  function  (MTF)  exhibiting  continuous 
and  uniform  spatial  frequency  response  out  to  an  arbitrarily  high  cut-off  spatial  frequency. 

We  have  also  exploited  the  reciprocal  path  scattering  (RPS)  phenomenon  for  precision  pointing  and 
tracking  applications  through  a  random  media  such  as  atmospheric  turbulence.  It  allows  interferometric  sensitivity 
in  pointing  accuracy  to  be  achieved  when  using  a  dual  aperture  and  polarization  techniques  for  suppressing 
unwanted  scattered  radiation.  This  new  precision  pointing  and  tracking  technique  has  potential  applications  in 
ground-to-space  laser  communications,  laser  power  beaming  to  satellites,  and  theater  missile  defense  scenarios. 


6.2.1  Reciprocal  Path  Imaging  (RPI)  of  Extended  Objects 

In  [15],  Solomon  and  Dainty  extend  the  use  of  polarization  for  noise  suppression  in  reciprocal  path 
imaging  applications  to  a  multiple  pinhole  aperture,  and  discuss  the  possibility  of  obtaining  estimates  of  many 
spatial  frequencies  simultaneously.  They  depicted  the  six  (6)  pinhole  aperture  illustrated  in  Figure  6.5.  Here  the 
"plus"  sign  denotes  those  subapertures  with  quarter  wave  plates  placed  at  +45°  relative  to  the  linearly  polarized 
illuminating  beam,  and  the  "minus"  sign  denotes  those  subapertures  with  quarter  wave  plates  placed  at  -45°.  In  this 
double-pass  process,  those  spatial  frequencies  (defined  by  the  separation  between  the  pinholes)  formed  by  pinholes 
having  dissimilar  quarter  wave  plates  will  be  imaged  by  the  system,  and  those  formed  by  pinholes  having  similar 
quarter  wave  plates  will  be  eliminated  due  to  the  resulting  orthogonal  polarizations. 
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Figure  6.5:  A  schematic  of  reciprocal  path  imaging  through  a  random  screen. 

They  then  stated  that  the  number  of  spatial  frequencies  defined  by  a  non-redundant  polarizing  aperture  of 
this  type  is 

^2 

(6.1) 


—  I  for  even  n 
1j 


and 


n  +  \  n-\ 


for  odd  ^ , 


2  2 

whereas,  for  a  conventional  ^  pinhole  non-redundant  aperture,  the  number  of  spatial  frequencies  is  given  by 

n{n  - 1) 

-  for  any  n  . 


(6.2) 


(6.3) 
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It  is  clear  that  in  the  limit  of  large  ^ ,  the  polarizing  aperture  only  images  one-half  as  many  spatial 
frequencies  as  the  conventional  (non-polarizing)  array. 

Since  [13]  was  published,  it  has  become  clear  that  the  above  technique  will  indeed  produce  a  stable  fringe 
pattern  for  each  pair  of  pinholes  which  have  a  ’’plus'*  and  "minus”  sign  associated  with  it.  However,  if  more  than 
two  pinholes  are  used,  there  will  also  be  time-varying  cross-terms  which  corrupt  the  stable  terms.  [19]  This  results  in 
an  unstable  fringe  pattern  and  time-averaging  is  again  required  to  obtain  a  simple  relationship  between  the  object 
spectrum  and  the  image  spectrum. 

If  a  continuous  spatial  frequency  response  is  desired  for  a  given  imaging  application,  one  needs  to 
determine  the  optimum  array  configuration  and  then  increase  the  size  of  the  subapertures  until  the  various  passbands 
overlap.  For  conventional  (non-polarizing)  sparse  imaging  arrays,  it  has  been  shown  that  a  non-redundant 
configuration  of  four  square  subapertures  (n  =  4)  results  in  a  uniform  spatial  frequency  response  out  to  a  cut-off 
spatial  frequency  of  L/Xf.[lS]  Figure  6.6  illustrates  a  five-element  (n  =  5)  polarizing  array  which  exhibits  an 
identical  (non-normalized)  MTF  except  at  very  low  spatial  frequencies. 


MTF 


Figure  6.6:  A  one-dimensional  non-redundant  polarizing  array  of  square  subapertures  and  the 
corresponding  MTF  for  reciprocal  path  imaging  applications. 

The  MTF  is  given  by  the  autocorrelation  of  the  pupil  function.  The  autocorrelation  integral  can  be 
interpreted  as  the  area  under  the  product  of  the  pupil  function  with  a  shifted  version  of  itself  [20]  However,  the 
value  of  the  MTF  is  now  given  not  merely  by  the  overlapped  pupil  area,  but  by  the  overlapped  area  of  subapertures 
of  opposite  signs  (polarizations).  Hence,  at  the  origin  the  MTF  has  a  value  of  zero  instead  of  the  usual  maximum 
value  proportional  to  the  total  area  of  the  pupil. 

The  (non-normalized)  MTF  dropping  to  zero  at  the  origin  implies,  via  the  central  ordinate  theorem  of 
Fourier  transform  theory,  that  there  is  no  energy  in  the  point  spread  function.  However,  this  behavior  is  merely 
indicative  of  the  fact  that  the  polarizing  aperture  is  effectively  "opaque"  to  reciprocal  path  radiation  carrying  zero 
spatial  frequency  information.  This  absence  of  zero  spatial  frequency  information  can  presumably  be  readily 
restored  from  the  conventional  incoherent  image  produced  by  a  single  subaperture. 

Barakat  has  stated  that  for  n  >5,  it  is  not  possible  (even  in  principle)  to  obtain  this  desirable  behavior  for 
conventional  imaging  arrays. [21]  However,  for  RPI  applications  utilizing  polarization  for  noise  suppression,  this 
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behavior  can  be  extended  to  an  arbitrarily  high  cut-off  spatial  frequency.  [17]  A  prescription  for  constructing  a  one¬ 
dimensional  array  of  subapertures  exhibiting  a  completely  uniform  spatial  frequency  response  is  as  follows:  (1) 
arrange  a  string  of  72/2  ((«  -i- 1)  /2  if  22  is  odd)  adjacent  square  subapertures  (of  width  1)  with  a  given  polarization, 

(2)  followed  by  one  subaperture  of  the  opposite  polarization,  (3)  followed  by  nl 2  -  I  {{n-l)/2  if  n  is  odd) 
blank  spaces  of  width  1,  (4)  followed  by  one  subaperture  of  the  opposite  polarization.  Repeat  steps  (3)  and  (4)  until 
all  subapertures  have  been  arranged  in  this  configuration.  This  will  result  in  an  MTF  which  is  constant  out  to  a 
spatial  frequency  given  by 


and 


Xf 


for  even  22 


(6.4) 


22-1-1  «-!')  I 

~  T  Ju 


for  odd  22 


(6.5) 


This  behavior  is  consistent  with  Eqs.(6-1)  and  (6-2).  A  nine  element  non-redundant  polarizing  array  of  square 
subapertures  and  its  associated  MTF  is  shown  in  Figure  6-7. 
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Figure  6.7:  (a)  A  nine-element  one-dimensional,  non-redundant,  polarizing,  imaging  array  of  square 

subapertures,  and  (b)  the  corresponding  uniform  modulation  transfer  function  for 
reciprocal  path  imaging  applications. 


The  above  behavior  for  the  MTF  is  readily  verified  by  performing  an  analytical,  numerical,  or  graphical 
autocorrelation  of  the  above  polarizing  aperture.  The  above  prescription  for  the  optimum  array  configxiration  was 
empirically  determined  to  yield  the  desirable  MTF  characteristics  rather  than  analytically  derived. 

For  RPI  applications  utilizing  orthogonal  polarizations  for  suppression  of  noise,  the  two-dimensional,  non- 
redimdant,  polarizing  array  of  square  subapertures  illustrated  in  Figure  6.8  will  produce  an  MTF  with  uniform 
spatial  frequency  response.  This  configuration  is  also  extendable  to  arbitrarily  high  cut-off  spatial  frequency 
(arbitrarily  high  resolution)  by  merely  increasing  the  size  of  the  array. 
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Again  the  uniform  behavior  for  the  above  MTF  is  readily  verified  by  performing  an  analytical,  numerical, 
or  graphical  autocorrelation  of  the  above  polarizing  aperture.  The  value  of  the  MTF  is  given  by  the  overlapped  area 
of  subapertures  of  opposite  sign  (polarization)  as  one  pupil  is  shifted  past  the  other. 


Figure  6.8:  (a)  A  two-dimensional,  polarizing  array  of  square  subapertures,  (b)  and  its  associated 

MTF  exhibiting  uniform  response  over  an  extended  range  in  spatial  frequency  space. 


This  aperture  and  its  MTF  is  reminiscent  of  the  conventional  incoherent  MTF  of  a  highly  obscured  annual 
aperture.  However,  it  again  exhibits  a  notch  at  the  origin  due  to  the  fact  that  the  polarizing  aperture  is  effectively 
"opaque”  to  reciprocal  path  radiation  carrying  zero  spatial  frequency  information. 

The  cut-off  spatial  frequency  is  given  by 


5,  =(L-I)/Af,  (6.6) 

and  the  number  VI  of  subapertures  of  size  i  required  to  achieve  that  cut-off  spatial  frequency  is  given  by 

72  =  4(L-1)/I  .  (6.7) 

Clearly,  the  fill  factor  of  the  array  rapidly  decreases  with  increasing  n. 

We  have  thus  developed  a  unique  and  original  prescription  for  constructing  both  one-dimensional  and  two- 
dimensional  dilute  array  configurations  that  yield  an  MTF  exhibiting  continuous  and  uniform  spatial  frequency 
response  up  to  an  arbitrarily  high  cut-off  spatial  frequency.  Clearly  the  size  of  the  subapertures  for  a  given 
application  will  be  limited  by  the  size  of  the  individual  phase  cells  in  the  random  phase  screen.  The  precise  effect  of 
specific  phase  screen  characteristics  upon  the  achievable  image  quality,  and  the  optimum  subaperture  size  (and 
therefore  number)  will  be  the  subject  of  following  studies. 


6.2.2  Interferometric  Sensitivity  in  Pointing  and  Tracking  Accuracy 

For  a  pointing  and  tracking  application,  the  enhancement  lies  precisely  on  the  boresight  of  the  tracking 
telescope  (the  return  conjugate  wave  is  a  precise  retro-reflection)  and  the  scattering  function  is  centered  on  the 
geometrical  image  of  the  target.  If  the  correlation  width  of  the  wavefront  perturbations  are  small  enough  (relative  to 
the  wavelength)  to  produce  a  scattering  cone  sufficient  to  illuminate  the  target  from  anywhere  within  the 
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transmitting  aperture,  and  if  the  return  radiation  from  the  target  fills  the  telescope  aperture,  the  width  of  the 
enhancement  will  be  equal  to  the  diffraction-limited  point  spread  function  (PSF)  of  the  telescope.  [22]  In  addition,  if 
the  correlation  width  of  the  phase  errors  is  small  relative  to  the  aperture  diameter  (there  are  many  effective 
scattering  centers),  the  height  of  the  enhancement  will  be  approximately  twice  the  height  of  the  scattering  function 
at  the  location  of  the  enhancement. [8,  23]  Figure  6.9  illustrates  the  experimentally  measured  intensity  profile 
through  the  enhancement  as  the  target  is  displaced  relative  to  the  telescope  boresight.  Note  that  the  enhancement 
remains  fixed  on  the  telescope  boresight  while  the  scattering  function  moves  with  the  geometrical  image  of  the 
target. 


Figure  6.9:  (a)  Intensity  profile  through  enhancement  as  target  is  displaced  from  the 

boresight;  (b)  Superposition  of  scattering  functions  indicating  envelope 
of  enhancement  heights. 

The  pointing  error  is  given  by  the  displacement  between  the  enhancement  and  the  center  of  the  broad 
scattering  function.  This  could  perhaps  be  measured  two  different  ways.  If  we  try  to  measure  the  displacement 
directly,  we  can  determine  it  no  more  accurately  than  we  can  determine  the  center  of  the  broad  scattering  function. 
On  the  other  hand,  if  we  try  to  maximize  the  height  of  the  enhancement  as  we  vary  the  boresight  angle,  we  again 
have  a  slowly-varying  function  that  just  follows  the  broad  scattering  function  as  illustrated  in  Figme  6,9.  Hence,  the 
presence  of  the  enhancement  does  not  initially  appear  to  improve  our  pointing  capability. 

However,  if  we  use  a  dual  aperture  as  illustrated  in  Figure  6-10,  the  enhancement  takes  the  form  of  a 
Young’s  interference  pattern.  [24]  The  polarization  beamsplitter  and  1/4  wave  plate  allow  us  to  separate  the 
reciprocal  path  radiation  which  is  insensitive  to  the  random  phase  variations  caused  by  atmospheric  turbulence  from 
the  common  path  radiation  which  does  experience  significant  scatter  effects.  The  double-pass  radiation  consists  of 
the  following  four  components;  AA(ll),  BA(X),  AB(J-),  and  BB(ll):  where  the  polarizations  indicated  in  the 
parentheses  are  parallel  or  perpendicular  to  the  y-axis.  If  the  width  of  the  individual  subapertures  is  less  than  the 
average  turbulence  cell  size  (Fried’s  rc>)[25],  then  BA(J.)  and  AB(_L)  constitute  the  reciprocal  path  radiation 
producing  the  intensity  enhancement;  whereas  AA(ll)  and  BB(ll)  constitute  the  common-path  radiation  which 
results  in  the  broad  scattering  function.  The  polarizing  beamsplitter  reflects  the  reciprocal  path  radiation  towards 
Lens#2  and  the  CCD  camera  and  transmits  the  common-path  radiation. 
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Figure  6.10:  Optical  layout  for  precision  tracking,  utilizing  the  enhanced  backscatter 

phenomenon  with  a  dual  aperture. 


Figure  6-11  illustrates  a  measured  irradiance  profile  (one  second  exposure  time)  superposed  upon  a 
theoretical  prediction  for  a  situation  where  there  is  an  appreciable  pointing  error.  The  agreement  between  theory 
and  experiment  is  excellent.  The  asymmetry  of  the  three-fnnge  pattern  is  a  measure  of  the  pointing  error  and  can  be 
quantified  by  defining  the  following  asymmetry  parameter 


R  = 


h-h 


(6.8) 


where  I],  I2,  and  I3  are  the  peak  irradiance  of  the  three  fringes  as  illustrated  in  Figure  6.11.  This  asymmetry 


parameter  can  be  accurately  measured,  and  is  extremely  sensitive  to  the  pointing  error. 


Figure  6,11:  Theoretical  BBS  function  (caused  by  a  dual  aperture)  superposed  upon  an  experimental 
measurement  in  the  presence  of  turbulence  (one  second  exposure  time).  The  asymmetry  in  the 
side  lobes  due  to  pointing  error  is  evident. 

Since  the  Young's  fringes  remain  stable  even  in  the  presence  of  temporally  varying  random  phase  errors, 
the  above  asymmetry  parameter  can  be  plotted  versus  the  telescope  pointing  error  to  produce  a  calibration  curve 
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which  indicates  that  interferometric  pointing  sensitivity  can  be  achieved  with  this  reciprocal  path  scattering 
technique.  Figure  6.12  illustrates  this  interferometric  sensitivity,  as  well  as  the  2p  ambiguity  that  accompanies 

many  interferometric  measurements. 
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Figure.  6.12:  Pointing  error  calibration  curve  indicating  interferometric  accuracy. 

An  extensive  series  of  CCD  images  were  recorded  as  the  target  in  the  object  plane  was  sequentially 
displaced  by  a  precise  amount  with  a  translation  stage  fitted  with  a  micrometer  adjustment.  A  propane  burner  was 
used  to  produce  the  random  phase  screen  and  each  image  was  recorded  with  a  ten  (10)  second  exposure  time.  The 
asymmetry  parameter  was  calculated  and  superposed  upon  the  pointing  error  calibration  curve  as  illustrated  in 
Figure  6-13.  Note  that  the  displacement  of  the  target  has  been  divided  by  the  focal  length  of  Lens#l  to  convert  the 
ordinate  of  the  calibration  curve  to  angular  units. 
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Figure  6.13:  Comparison  of  experimental  data  with  theoretical  predictions. 
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A  small  adjustment  in  the  slope  of  the  experimental  curve  v^as  made  to  correct  for  a  systematic  error 
(average  wavefront  tilt  across  the  aperture)  in  the  experimental  data,  and  the  root-mean-square  (rms)  error  in  the 
measured  asymmetry  parameter  for  this  set  of  data  was  calculated 


= 


(6.9) 


Dividing  this  by  the  slope  of  the  calibration  curve  yields  the  accuracy  to  which  the  pointing  error  can  be  determined 
by  this  method.  The  rms  error  in  the  measurement  of  the  telescope  pointing  error  for  these  twenty-seven  (27)  data 
points  is  less  than  a  tenth  of  an  arc  min 


rms  Error  =  0.09774  arc  min . 


(6.10) 


This  is  best  expressed  as  a  fraction  of  the  angular  width  of  the  diffraction-limited  point  spread  function  (PSF)  of  the 
telescope  aperture.  In  our  laboratory  experiment,  1  =  0.6328iLim  and  D  =  a  +  b-  0.65mm;  hence 


^  0.09774  arc  min  ^ 

^diff 


2A4yD 


(6.11) 


We  have  thus  demonstrated  with  this  laboratory  experiment  that  the  EBS  phenomenon  can  be  exploited  to  measure 
telescope  pointing  errors  through  a  random  media  or  turbulent  atmosphere  to  approximately  1%  of  the  angular 
width  of  the  diffraction-limited  PSF  of  the  pointing  telescope. 


6.3  Conclusions 

We  have  reviewed  the  enhanced  backscatter,  or  reciprocal  path  scattering,  phenomenon  with  regard  to 
pointing,  tracking,  and  imaging  applications  through  atmospheric  turbulence.  In  particular,  we  developed  a  unique 
and  original  prescription  for  constructing  both  one-dimensional  and  two-dimensional  dilute  polarizing  array 
configurations  that  yield  an  MTF  exhibiting  continuous  and  uniform  spatial  frequency  response  up  to  an  arbitrarily 
high  cut-off  spatial  frequency.  Clearly  the  size  of  the  subapertures  for  a  given  application  will  be  limited  by  the  size 
of  the  individual  phase  cells  in  the  turbulent  atmosphere.  The  precise  effect  of  specific  atmospheric  characteristics 
upon  the  achievable  image  quality,  and  the  optimum  subaperture  size  (and  therefore  number)  will  be  the  subject  of 
following  studies.  In  addition,  introducing  a  monostatic  dual  aperture  with  subaperture  sizes  of  the  order  of  Fried's 
rQ  causes  the  reciprocal  path  scattered  light  to  produce  an  intensity  enhancement  in  the  form  of  a  temporally  stable 
Young’s  interference  pattern  (even  in  the  presence  of  time-varying  turbulence).  By  choosing  the  width  to  separation 
ratio  of  the  dual  aperture  appropriately,  only  three  interference  fringes  exist  within  the  central  lobe  of  the  envelope 
function.  The  interference  fringes  are  fixed  with  respect  to  the  telescope  boresight  and  the  envelope  function  moves 
with  the  pointing  error;  hence,  the  asymmetry  of  the  interference  pattern  is  a  direct  measure  of  the  telescope 
pointing  error.  Polarization  techniques  are  exploited  to  suppress  noise  from  the  common  path  scattered  radiation. 
Hence,  the  asymmetry  can  be  measured  accurately  enough  to  achieve  interferometric  sensitivity  in  pointing  error 
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measurements  through  atmospheric  turbulence.  A  laboratory  proof-of-concept  experiment  has  demonstrated  an  rms 
measurement  error  of  approximately  1%  of  the  angular  width  of  the  diffraction-limited  PSF  of  the  pointing 
telescope.  - 

We  are  currently  planning  to  perform  field  tests  to  demonstrate  precision  one-dimensional  tracking  through 
long-range  distributed  atmospheric  turbulence.  These  field  tests  will  be  performed  at  BMDO's  ISTEF  over 
horizontal  ranges  of  200,  500,  and  1000  meters.  A  four  (4)  watt  Argon  ion  laser  and  a  dual  aperture  will  be  used  for 
these  experiments.  Equipment  is  being  assembled  at  CREOL  on  a  3  ft.  X  5  ft.  optical  breadboard  to  be  transported 
to  ISTEF  for  the  planned  field  experiments. 

A  logical  growth  path  for  this  technology  would  be  to  perform  a  two-dimensional  ten  (10)  kilometer 
precision  pointing  demonstration  at  ISTEF,  then  conduct  a  precision  tracking  experiment  on  a  high-altitude  balloon, 
and  finally  to  demonstrate  precision  tracking  of  actual  space  satellites.  Two  likely  applications  for  this  technology 
is  the  precision  pointing  and  tracking  through  a  turbulent  atmospheric  for  Airborne  Laser  (ABL)  weapon  systems 
and  for  high  data  rate  ground-to-space  laser  communication  Imks. 
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A  method  is  presented  for  constructing  both  one-dimensional  and  two-dimensional  configurations  of  sparse  subaperture  arrays 
which  result  in  uniiorm  spatial  frequency  response  with  arbitrarily  high  spatial  resolution  for  reciprocal  path  imaging  applications 
(i.e.,  imaging  laser  radar  applications). 


1.  Introduction 

The  phenomenon  of  retroreflection  from  rough 
surfaces  or  suspended  particles  [1-3],  the  opposi¬ 
tion  effect  [4-6],  enhanced  backscatter  [7-12],  or 
the  double  passage  effect  [13-15]  have  received  a 
great  deal  of  attention  in  recent  years.  This  natu¬ 
rally-occurring  conjugate-wave  phenomenon  has  been 
shown  to  be  caused  by  constructive  interference  be¬ 
tween  reciprocal  multiple  scattering  paths.  We  there¬ 
fore  use  the  descriptive  phrase  reciprocal  path  im¬ 
aging  (RPI)  to  describe  attempts  to  exploit  this 
phenomenon  for  obtaining  diffraction-limited  im¬ 
ages  of  extended  objects  obscured  by  a  random  phase 
screen  such  as  a  turbulent  atmosphere. 

Solomon  and  Dainty  have  discussed  the  use  of  po¬ 
larization  for  noise  suppression  in  reciprocal  path 
imaging  through  a  random  screen  [15].  Bogaturov 
et  al.  have  experimentally  demonstrated  the  effec¬ 
tiveness  of  using  orthogonal  polarizations  to  sepa¬ 
rate  the  common  path  radiation  from  the  reciprocal 
path  radiation  in  a  simple  Young’s  interference  ex¬ 
periment  [16],  This  experiment  yielded  stable,  high- 
contrast  interference  fringes  even  in  the  presence  of 
time-varying  turbulence. 

In  this  paper  we  extend  the  concept  presented  by 
Solomon  and  Dainty  [15]  to  include  subapertures 
of  finite  size  for  use  in  reciprocal  path  imaging  ap¬ 
plications  where  high  resolution  images  of  extended 
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objects  with  fine  detail  are  required  (i.e.,  imaging 
laser  radar  applications).  If  there  is  no  a  priori 
knowledge  concerning  the  spatial  frequency  content 
of  the  object,  it  is  not  sufficient  merely  to  have  a  non- 
redundant  array  of  subapertures.  The  array  config¬ 
uration  and  the  size  of  the  subapertures  must  be 
carefully  chosen  to  optimize  the  spatial  frequency  re¬ 
sponse  of  the  system.  A  method  is  presented  for  con¬ 
structing  both  one-dimensional  and  two-dimen¬ 
sional  sparse  array  configurations  which  result  in  a 
modulation  transfer  function  (MTF)  exhibiting 
continuous  and  uniform  spatial  frequency  response 
out  to  an  arbitrarily  high  cut-off  spatial  frequency. 

2.  The  use  of  polarization  for  noise  suppression  in 
RPI  applications 

In  ref  [15]  Solomon  and  Dainty  extend  the  use 
of  polarization  for  noise  suppression  in  reciprocal 
path  imaging  applications  to  a  multiple  pinhole  ap¬ 
erture,  and  discuss  the  possibility  of  obtaining  esti¬ 
mates  of  many  spatial  frequencies  simultaneously. 
They  depicted  the  six-pinhole  aperture  illustrated  in 
fig.  1,  where  the  ‘‘plus”  sign  denotes  those  subaper¬ 
tures  with  quarter  wave  plates  placed  at  +45°  and 
the  '‘minus”  sign  denotes  those  subapertures  with 
quarter  wave  plates  placed  at  -45°.  It  is  clear  from 
their  analysis  that  those  spatial  frequencies  (defined 
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Fig.  1.  A  schematic  of  reciprocal  path  imaging  through  a  random 
screen. 

by  the  separation  between  the  pinholes)  having  dif¬ 
ferent  signs  at  the  two  defining  pinholes  will  be  im¬ 
aged  by  the  system  and  those  having  the  same  sign 
will  be  eliminated. 

They  then  stated  that  the  number  of  spatial  fre¬ 
quencies  defined  by  a  non-redundant  polarizing  ap¬ 
erture  of  this  type  is 

(^)  ^  ^  ^  ^ 

and 

- Y~  for  odd  rt,  (2) 

whereas,  for  a  conventional  At-pinhole  non-redun- 
dant  aperture,  the  number  of  spatial  frequencies  is 
given  by 

n{n-\)  .  ... 

- ^ -  for  any  n.  (3) 

It  is  clear  that  in  the  limit  of  large  the  polarizing 
aperture  only  images  one-half  as  many  spatial  fre¬ 
quencies  as  the  conventional  (non-polarizing)  array. 

Since  ref.  [15]  was  published,  it  has  become  clear 
that  the  above  technique  will  indeed  produce  a  sta¬ 
ble  fringe  pattern  for  each  pair  of  pinholes  which  have 
a  “plus”  and  “minus”  sign  associated  with  it.  How¬ 
ever,  if  more  than  two  pinholes  are  used,  there  will 
also  be  time-varying  cross-terms  which  corrupt  the 
stable  terms  [17].  This  results  in  an  unstable  fringe 
pattern  and  time-averaging  is  again  required  to  ob¬ 
tain  a  simple  relationship  between  the  object  spec¬ 
trum  and  the  image  spectrum.  This  is  not  a  serious 
restriction  for  many  practical,  (laser  radar)  appli¬ 
cations  where,  in  addition  to  atmospheric  turbu¬ 


lence,  we  have  a  rapidly-moving  target-induced  spec¬ 
kle  pattern  sweeping  past  our  receiver. 


3.  Spatial  frequency  response  of  sparse  arrays 

For  time-averaged  images  of  coherently  illumi¬ 
nated  rough  and  moving  objects,  the  MTF  is  given 
by  the  autocorrelation  of  the  complex  pupil  func¬ 
tion.  Figure  2a  shows  this  autocorrelation  function 
for  the  pinhole  array  illustrated  in  fig.  1 .  Note  that 
this  MTF  consists  of  nine  discrete  spatial  frequen¬ 
cies  as  predicted  by  eq.  ( 1 ).  Finite  size  subapertures 
will  result  in  a  narrow  passband  of  spatial  frequen¬ 
cies  at  the  location  of  each  of  the  discrete  spatial  fre¬ 
quencies  as  shown  in  fig.  2b. 

If  a  continuous  spatial  frequency  response  is  de¬ 
sired  for  a  given  imaging  application,  one  needs  to 
determine  the  optimum  array  configuration  and  then 
increase  the  size  of  the  subapertures  until  these  pass- 
bands  overlap.  For  conventional  (non-polarizing) 
sparse  imaging  arrays,  Harvey  has  shown  that  the 
non-redundant  configuration  of  four  square  suba¬ 
pertures  (n=4)  illustrated  in  fig,  3a  results  in  a  uni¬ 
form  spatial  frequency  response  out  to  a  cut-off  spa¬ 
tial  frequency  of  IL/Xf  [18].  Figure  3b  illustrates  a 
five-element  (w=5)  polarizing  array  which  exhibits 
an  identical  (non-normalized)  MTF  except  at  very 
low  spatial  frequencies. 

The  (non-normalized)  MTF  dropping  to  zero  at 
the  origin  implies,  via  the  central  ordinate  theorem 
of  Fourier  transform  theory,  that  there  is  no  energy 
in  the  point  spread  function.  However,  this  behavior 
is  merely  indicative  of  the  fact  that  the  polarizing  ap¬ 
erture  is  effectively  “opaque”  to  reciprocal  path  ra- 


Fig.  2.  (a)  MTF  of  the  pinhole  array  illustrated  in  fig.  1.  (b) 
MTF  for  finite  subapertures  for  the  same  array. 
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(a) 


MTF 
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Fig.  3.  A  one*<limensional  non-redundant  imaging  array  of  square 
subapertures  and  the  corresponding  (non-normalized)  modula¬ 
tion  transfer  function  for  (a)  conventional  imaging,  and  (b)  re¬ 
ciprocal  path  imaging. 

diation  carrying  zero  spatial  frequency  information. 


and 

This  behavior  is  consistent  with  eqs.  ( 1 )  and  (2).  A 
nine-element  non-redundant  polarizing  array  of 
square  subapertures  and  its  associated  MTF  is  shown 
in  fig.  4. 

Again  we  note  that,  whereas  the  MTF  of  a  con¬ 
ventional  imaging  array  exhibits  a  peak  at  the  origin 
with  a  plateau  consisting  of  various  sidebands  ex¬ 
tending  to  the  cut-off  spatial  frequency,  these  polar¬ 
izing  arrays  inherently  exhibit  a  notch  (zero  mod¬ 
ulation)  at  the  origin  of  the  MTF.  This  absence  of 
zero  spatial  frequency  information  can  presumably 
be  readily  restored  from  the  conventional  incoherent 
image  produced  by  a  single  subaperture. 


5.  Two-dimensional  array  configurations  for  RPI 
applications 


4.  One-dimensional  array  configurations  for  RPI 
applications 

Barakat  has  stated  that  for  5,  it  is  not  possible 
( even  in  principle )  to  obtain  this  desirable  behavior 
for  conventional  imaging  arrays  [19].  However,  for 
RPI  applications  utilizing  polarization  for  noise 
suppression,  this  behavior  can  be  extended  to  an  ar¬ 
bitrarily  high  cut-off  spatial  frequency.  A  method  for 
constructing  a  one-dimensional  array  of  subaper¬ 
tures  exhibiting  a  completely  uniform  spatial  fre¬ 
quency  response  is  as  follows:  ( 1 )  arrange  a  string  of 
njl  ((rt+l)/2  if  n  is  odd)  adjacent  square  suba¬ 
pertures  (of  width  L)  with  a  given  polarization,  (2) 
followed  by  one  subaperture  of  the  opposite  polari¬ 
zation,  (3)  followed  by  /i/2-l  (n-l)/2  if  {n  is 
odd)  blank  spaces  of  width  L,  (4)  followed  by  one 
subaperture  of  the  opposite  polarization.  Repeat  steps 
(3)  and  (4)  until  all  subapertures  have  been  ar¬ 
ranged  in  this  configuration.  This  will  result  in  an 
MTF  which  is  constant  out  to  a  spatial  frequency 
given  by 


Golay  developed  a  family  of  two-dimensional,  non- 
redundant  arrays  with  uniform  coverage  in  the  spa¬ 
tial  frequency  plane  for  conventional  imaging  appli¬ 
cations  [20].  For  RPI  applications  utilizing  orthog¬ 
onal  polarizations  for  suppression  of  noise,  the  two- 
dimensional,  polarizing  array  of  square  subapenures 
illustrated  in  fig.  5  will  produce  an  MTF  with  uni¬ 
form  spatial  frequency  response.  This  behavior  is  re- 
minescent  of  the  conventional  incoherent  MTF  of  a 
highly  obscured  annular  aperture.  However,  it  again 
exhibits  a  notch  at  the  origin  due  to  the  fact  that  the 
polarizing  apenure  is  effectively  “opaque”  to  recip- 


Fig.  4.  (a)  A  nine-element  one-dimensional,  non-redimdant,  po¬ 
larizing,  imaging  array  of  square  subapertures,  and  (b)  the  cor¬ 
responding  uniform  modulation  transfer  function  for  reciprocal 
path  imaging  applications. 
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(a) 


Fig.  5.  (a)  A  two-dimensional,  polarizing  array  of  square  subapertures,  and  (b )  its  associated  MTF  exhibiting  uniform  response  over  an 
extended  range  in  spatial  frequency  space. 


rocai  path  radiation  carrying  zero  spatial  frequency 
information.  Like  the  one-dimensionai  array  above, 
this  configuration  is  also  extendible  to  arbitrarily  high 
cut-off  spatial  frequency  (arbitrarily  high  resolu¬ 
tion)  by  merely  increasing  the  size  of  the  array. 

The  cut-off  spatial  frequency  of  the  MTF  char¬ 
acterizing  the  image  quality  achievable  with  this  ar¬ 
ray  is  given  by 


(6) 


and  the  number  n  of  subapertures  of  size  /  required 
to  achieve  that  cut-off  spatial  frequency  is  given  by 


(7) 


6.  Conclusion 

We  have  described  a  procedure  for  constructing 
both  one-dimensional  and  two-dimensional  sparse 
array  configurations  which  result  in  a  modulation 
transfer  function  (MTF)  exhibiting  continuous  and 
uniform  spatial  frequency  response  out  to  an  arbi¬ 
trarily  high  cut-off  spatial  frequency  when  utilizing 
orthogonal  polarizations  for  noise  suppression  in  RPI 
applications.  RPI  is  an  approach  for  obtaining  dif- 
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fraction-limited  images  of  extended  objects  ob¬ 
scured  by  a  random  phase  screen  such  as  turbulent 
atmosphere  by  exploiting  the  enhanced  backscatter- 
ing  phenomenon  (the  opposition  effect)  due  to  mul¬ 
tiple  scattering  from  rough  surfaces  or  suspended 
panicles  and  double  passage  through  random  re¬ 
fractive  errors. 
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Image  characteristics  in 

applications  utilizing  dilute  subaperture  arrays 


James  E.  Harvey,  Anita  Kotha,  and  Ronald  L.  Phillips 


When  a  large  aperture  is  synthesized  with  an  array  of  smaller  subapertures  for  high-resolution  imaging 
applications,  it  is  important  not  only  to  arrange  the  subapertures  to  achieve  minimal  spatial  frequency 
redundancy  but  also  to  choose  the  size  of  the  subapertures  (i.e.,  the  dilution  ratio)  necessary  to  achieve  the 
best  possible  image  quality.  Spurious  or  ghost  images  often  occur  even  for  nonredundant  dilute 
subaperture  arrays.  We  show  that  array  configurations  producing  a  uniform  modulation  transfer 
function  will  not  exhibit  these  undesirable  ghost  images.  A  prescription  that  is  unique  and  original  {to 
the  best  of  our  knowledge)  is  then  presented  for  constructing  both  one-dimensional  and  two-dimensional 
configurations  of  dilute  subaperture  arrays  that  results  in  a  uniform  spatial  frequency  response  with  an 
arbitrarily  high  spatial  resolution  for  reciprocal  path-imaging  applications. 

Key  words:  Imaging  with  sparse  arrays,  dilute  subaperture  arrays,  nonredundant  arrays,  modulation 
transfer  functions  of  dilute  arrays,  synthetic  aperture  optics. 


1.  Introduction 

Optical  imaging  systems  utilizing  an  array  of  small 
subapertures  to  synthesize  a  conventional  large- 
aperture  imaging  system  have  been  studied  exten¬ 
sively.  These  efforts  have  been  motivated  by  the 
phenomenal  success  of  radio  astronomers  in  produc¬ 
ing  high-resolution  images  of  cosmic  radio  sources  by 
utilizing  dilute  antenna  arrays. There  are  a  vari¬ 
ety  of  engineering  and  scientific  reasons  for  consider¬ 
ing  such  systems.  Diflferent  applications  might  call 
for  close-packed  arrays^^’^^  or  spatially  dilute  (sparse, 
thinned)  arrays. For  dilute  arrays,  the  array 
configuration  (or  distribution  of  subapertures)  is  of 
particular  importance.  It  is  important  not  only  to 
arrange  the  subapertures  to  achieve  minimal  spatial 
frequency  redundancy,  but  also  to  choose  the  size 
(i.e.,  dilution  ratio)  of  the  subapertures  necessary  to 
achieve  the  best  possible  image  quality.-^  Spurious 
or  ghost  images  often  occur  even  for  nonredundant 
dilute  subaperture  arrays.^^ 

Barakat  recently  stated  that,  in  his  opinion,  too 
much  emphasis  has  been  placed  on  the  subaperture 
positioning  problem  and  not  enough  has  been  placed 
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on  the  resultant  diffraction  imagery.  2“^  He  went  on 
to  calculate  the  diffraction  images  of  a  two-bar  target 
for  a  variety  of  nonredundant  array  condfiigurations, 
and  he  showed  the  resulting  miserable  images,  com¬ 
plete  with  accompanying  multiple  ghost  images. 

Here  we  first  review  the  linear  systems  theoiy  of 
image  formation  and  establish  the  fact  that  the 
modulation  transfer  function  (MTF)  is  the  image- 
quality  criterion  of  choice  for  a  wide  variety  of 
apphcations.  The  nature  of  the  MTF  for  redundant 
and  nonredundant  subaperture  arrays  is  briefly  dis¬ 
cussed.  We  then  extend  the  research  of  Barakat  by 
calculating  and  illustrating  the  point  spread  function 
(PSF),  MTF,  and  diffraction  images  of  two-bar  targets 
formed  by  subaperture  arrays  with  varying  dilution 
ratios.  These  results  demonstrate  that  the  bother¬ 
some  multiple  ghost  images  reported  by  Barakat 
vanish  if  we  optimize  the  array  configuration  to 
produce  a  MTF  that  exhibits  uniform  spatial  fre¬ 
quency  response. 

Finally,  we  discuss  the  specific  application  of  recip¬ 
rocal  path  imaging  (RPI)  and  recent  attempts  to 
exploit  this  phenomenon  to  achieve  diffraction- 
limited  images  of  extended  objects  obscured  by  a 
random  phase  screen,  such  as  a  turbulent  atmosphere. 
In  particular,  we  present  a  prescription  for  construct¬ 
ing  both  one-dimensional  and  two-dimensional  polar¬ 
izing  dilute  array  configurations  that  result  in  a  MTF 
that  exhibits  continuous  and  uniform  spatial  fre¬ 
quency  response  up  to  an  arbitrarily  high  cutoff 
spatial  frequency  when  utilized  for  these  RPI  applica¬ 
tions. 
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2.  Diffraction  Imagery  with  Dilute  Subaperture 
Configurations 

T  .inpar  systems  theory  and  the  associated  system 
transfer  function  have  been  widely  applied  to  the 
characterization  of  imaging  systems  .2^®  If  field- 
dependent  aberrations  are  ignored,  the  resulting  iso- 
planatic  imaging  system  can  be  treated  as  a  linear, 
shift-invariant  system.  The  output  of  a  linear,  shift- 
invariant  system  is  given  by  the  convolution  of  the 
input  with  the  system  impulse  response,  or  on  the 
application  of  the  convolution  theorem  of  Fourier 
transform  theory,  the  output  spectrum  of  the  system 
is  given  by  the  product  of  the  input  spectrum  with  the 
system  transfer  function.^® 

A.  Transfer  Function  Characterization  of  Imaging  Systems 

For  incoherent  imaging  systems,  the  optical  transfer 
function  (OTF)  is  given  by  the  normalized  autocorre¬ 
lation  of  the  complex  pupil  function^®: 


OTF(iTi) 


y')P{x'  -x,y'  -y)dx'd>’' 

jj 

l»<X 

|F(x',  vOpic'dT' 

2:  =  x/'l,y  =  A/ifi,  (1) 

where  X  is  the  wavelength  and  f  is  the  effective  focal 
length  of  the  system.  The  modulus  of  the  OTF  is 
called  the  MTF.  For  diffraction-limited  (aberration- 
free)  imaging  systems,  this  has  the  geometrical  inter¬ 
pretation  of  being  equal  to  the  area  of  overlap  be¬ 
tween  two  displaced  pupil  functions  normalized  by 
the  total  area  of  the  pupil.  The  MTF  of  a  conven¬ 
tional  imaging  system  can  be  thought  of  as  a  plot  of 
modulation  (or  contrast)  in  the  image  as  a  function  of 
spatial  frequency.  It  has  a  value  of  unity  at  the 
origin  (zero  spatial  frequency)  and  decreases  to  zero 
at  the  cutoff  spatial  frequency.  This  cutoff  spatial 
frequency  is  given  hy  ^  =  L/ \f  for  an  aperture  of 
width  L.  The  limiting  resolution  is  defined  as  the 
reciprocal  of  this  cutofi"  spatial  frequency. 

The  PSF  of  an  imaging  system  is  given  by  the 
squared  modulus  of  the  Fourier  transform  of  the 
complex  pupil  function, 

PSF(x,y)  = 

where  A(^,  t]  )  =  S^{P{x,  y)).  (2) 

From  the  autocorrelation  theorem  of  Fourier  trans¬ 
form  theory,  the  OTF  and  the  PSF  are  Fourier 
transforms  of  each  other.®®  These  relationships  are 
illustrated  schematically  in  Fig.  1,  along  with  a 
variety  of  commonly  used  image-quality  criteria. 

The  MTF  has  gained  almost  universal  acceptance 
as  the  image-quality  criterion  of  choice  for  a  wide 
range  of  imaging  applications  involving  diffraction- 
limited  optics,  or  for  those  suffering  from  image 
degradation  caused  by  aberrations.  Further  image 
degradation  caused  by  image  motion  has  also  been 
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Fig.  1.  Relationship  between  the  complex  pupil  function,  OTF, 
and  the  PSF. 


modeled  by  an  appropriate  transfer  function  for 
image  jitter  and  drift. 

B.  Redundant  and  Nonredundant  Arrays 
A  potential  benefit  of  dilute  subaperture  arrays  lies  in 
the  fact  that  the  resolution  of  an  imaging  system  is 
inversely  proportional  to  the  diameter  of  its  aperture. 
In  addition,  in  the  basic  synthetic  aperture  concept, 
when  the  area  of  a  single  aperture  is  redistributed  by 
the  segmentation  of  the  aperture  and  then  the  appro¬ 
priate  separation  of  the  segments,  the  theoretical 
resolution  of  that  aperture  is  improved. 

Dilute  aperture  imaging  systems  will,  in  general, 
produce  MTF's  that  exhibit  a  central  peak  and  a 
number  of  discrete  spatial  frequency  passbands  sur¬ 
rounded  by  substantial  regions  within  which  the 
MTF  has  a  value  of  zero.  If  one  has  a  priori  knowl¬ 
edge  of  the  spatial  frequency  content  of  an  object, 
then  the  subaperture  array  can  be  tailored  to  produce 
a  passband  in  the  region  of  interest.  However,  for 
general  purpose  observations  the  irretrievable  loss  of 
midspatial  frequency  information  is  unacceptable, 
and  the  practical  resolution  Umit  is  given  not  by  the 
reciproci  of  the  cutoflF  spatial  frequency  but  rather 
by  the  reciprocal  of  the  maximum  spatial  frequency 
ikn),  below  which  no  zeros  occur  in  the  MTF.^^ 

The  term  redundancy  refers  to  the  fact  that  the 
spatial  frequency  information  may  be  received  redun¬ 
dantly  through  multiple  bandpass  filters.  Each  band¬ 
pass  filter  results  from  the  autocorrelation  of  one  or 
more  equally  spaced  pairs  of  subapertures.  By  merely 
rearranging  the  subapertures  within  a  given  maxi¬ 
mum  separation,  we  can  eliminate  redundancies  and 
obtain  a  more  uniform  coverage  below  the  cutoff 
spatial  frequency.  This  minimizes  the  region  of  zero 
modulation  and  improves  the  possibility  of  image 
enhancement  by  transfer  function  restoration  tech¬ 
niques. 

Reference  23  provides  a  tutorial  discussion  of  redun¬ 
dant  and  nonredundant  arrays,  in  which  several 
two-dimensional  dilute  subaperture  arrays  are  illus¬ 
trated  along  with  their  corresponding  MTF’s.  It  is 
emphasized  that  an  even  number  of  subapertures 
arranged  in  a  circle  is  a  redundant  array  because 
there  are  multiple  pairs  of  subapertures  with  the 
same  separation  and  orientation.  The  MTF  consists 
of  a  central  peak  surrounded  by  a  relatively  few 
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prominent  passbands,  whereas,  an  odd  number  of 
subapertures  arranged  in  a  circle  produces  a  MTF 
with  no  redundant  passbands  (although  equally 
spaced,  no  two  pairs  of  subapertures  have  the  same 
orientation).  Examples  from  the  family  of  Golay 
two-dimensional,  nonredundant  subaperture  arrays 
are  also  illustrated.  They  have  MTF  passbands  that 
are  equally  spaced,  thus  providing  the  most  uniform 
spatial  frequency  coverage  below  the  cutoff  spatial 
frequency  for  a  fixed  aperture  area.-^ 

Barakat  showed  that  even  nonredundant  arrays  of 
dilute  subapertures  can  produce  miserable  images, 
replete  with  accompanying  multiple  ghost  images. 
As  we  stated  in  Section  1,  in  Barakat ^s  opinion,  too 
much  emphasis  has  been  placed  on  the  subaperture 
positioning  problem  and  not  enough  has  been  placed 
on  the  resultant  diffraction  imagery.  We  therefore 
proceed  to  show  that  it  is  important  not  only  to 
arrange  the  subapertures  to  achieve  minimal  spatial 
frequency  redundancy,  but  also  to  choose  the  size  of 
the  subapertures  necessary  to  achieve  the  best  pos¬ 
sible  image  quality. 

We  make  parametric  calculations  of  the  PSF,  the 
MTF,  and  the  diffraction  images  of  a  two-bar  target 
as  produced  by  different  dilute  subaperture  arrays. 
We  define  a  parameter  called  the  dilution  ratio  as  the 
width,  /,  of  a  subaperture  divided  by  the  maximum 
possible  width, /njaxj  such  that  no  two  subapertures  in 
the  array  will  overlap.  This  dilution  ratio  can  thus 
vary  from  zero  to  unity  for  a  given  subaperture 
configuration: 

dilution  ratio  =  (3  =///max-  (3) 

Figure  2  illustrates  several  different  one-dimen¬ 
sional,  four-element,  nonredundant  arrays  spanning 
a  total  width  L.  With  each  dilution  ratio  there  is  an 
associated  fill  factor,  defined  as  the  ratio  of  the  area  of 
the  subapertures  in  an  array  to  the  total  area  of  the 
S5mthesized  aperture  spanned  by  the  array.  This 


a 


b 
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d 


Fig.  2.  One-dimensional,  four-eiement,  nonredundant  airray  of 
subapertures  spanning  a  total  distance  of  L,  with  dilution  ratios  of 
a,  1.00;  b,  0.50;  c,  0.25;  d,  0.125. 


will  be  used  as  a  measure  of  diluteness: 
fill  factor 


_ area  of  subapertures 

area  of  full  aperture  spanned  by  subapertures 

(4) 

For  an  arbitrary  dilution  ratio,  3,  the  subaperture 
width  in  the  four-element  nonredundant  arrays  illus¬ 
trated  in  Fig.  2  is  given  by 


p/max  (5) 

and  the  minimum  center-to-center  separation  for 

subapertures  (of  width/)  in  this  configuration  span¬ 

ning  a  distance  L  is  given  by 

S  =  (L-/)/6.  (6) 

The  array  in  Fig.  2a  thus  has  a  dilution  ratio  of 
unity  (note  that  the  widths  of  the  two  subapertures 
on  the  left  side  of  the  array  are  equal  to  their 
separation  and  therefore  cannot  be  increased  without 
the  subapertures  physically  overlapping).  The  fill 
factor  is  equal  to  4/7  or  0.571.  The  array  in  Fig.  2b 
exhibits  a  dilution  ratio  of  0.50  and  a  fill  factor  of 
0.286.  Figure  2c  exhibits  a  dilution  ratio  of  0.25  and 
a  fill  factor  of  0.143,  and  the  final  array  has  a  dilution 
ratio  of  0.125  and  a  fill  factor  of  0.071.  The  goal  in 
many  cases  is  to  find  an  array  configuration  and 
dilution  ratio  that  will  yield  a  satisfactory  image 
quality  with  the  smallest  possible  fill  factor. 

We  now  proceed  to  calculate  and  display  the  dilfrac- 
tion-limited  PSF,  the  MTF,  and  the  diffraction  im¬ 
ages  of  a  two-bar  target  for  the  set  of  four-element 
nonredundant  subaperture  arrays  illustrated  in  Fig.  2. 

C.  Point  Spread  Functions  Resulting  from  Dilute 
Subaperture  Configurations 

Because  the  convolution  of  a  delta  function  with  any 
function  merely  replicates  that  function  at  the  location 
of  the  delta  function,  the  aberration-free  pupil  func¬ 
tion  of  this  four-element  array  can  be  expressed  as 

P{x,  y)  =  rect  |j.j  *  [8(x  3S)  +  6(a:  +  2S) 

+  b{x  -S)  +  8(a:  -  3S)],  (7) 

or  we  can  write  this  as  the  convolution  of  a  rectangle 
function  of  width  /  with  an  even  impulse  pair  (whose 
Fourier  transform  we  know  to  be  a  cosine  function) 
plus  a  shifted  rectangle  function  convolved  with 
another  even  impiilse  pair: 

P{x,  j)  =  rect  *  [8(a:  +  3S)  +  S(:c  -  3S)] 

lx  +  S/2 
+  rect  (-^r— 

*  [b{x  +  3S/2)  +  b{x  -  3S/2)].  (8) 

Note  that  we  have  adopted  the  symbolic  representa- 
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lion  01  mainemaiiicai  luncnons  ana  operations  popu¬ 
larized  by  Bracewell,2®  Goodman, and  GaskilL^^ 
This  notation  has  become  widely  used  by  electrical 
and  optical  engineers  because  of  the  ease  and  conve¬ 
nience  with  which  certain  mathematical  manipula¬ 
tions  can  be  performed  when  one  is  dealing  with 
Fourier  analysis  and  linear  systems  theory.  A  brief 
review  defining  those  functions,  operations,  and  theo¬ 
rems  used  here  is  provided  in  Appendix  A. 

Aside  from  some  multiplicative  phase  factors  that 
disappear  when  we  take  the  squared  modulus,  we  can 
now  write  the  one-dimensional  profile  of  the  ampli¬ 
tude  spread  function  as^® 

■A(^)  =  smc(/C)2  cos(2'!r3SC) 

+  /  smc(/^)exp[i2'n-(S/2)^]2cos[2'ir(3/2)S^]), 

(9) 


•A(0  =  (^jsinc(/?){cos(2Tr3S?) 

+  exp[i2Tr(S/2)^]cos[2iT(3/2)S^]j.  (10) 


We  now  obtain  the  x  profile  of  the  resulting  PSF  by 
taking  the  squared  modulus  of  A(^)  and  evaluating  at 
£  =  x/kf: 


PSF(x)  = 


4/2 


:  sin<^(/x/Kf) 


[cos^{27r3Sx/kf) 


X2f2' 

^  cos2[2t7(3/2)Sjc/X/-] 

2  cos(2t73Sx/X/')cos[2tt(3/2)Sx/X/'] 

X  cos[2'Tr(S/2)a:/X/‘]}.  (11) 


This  function  consists  of  two  parts:  a  sinc2  envelope 
function  determined  solely  by  the  width  of  a  single 
subaperture,  and  an  interference  term  that  modu¬ 
lates  the  intensity  distribution  under  that  envelope 
function.  Figure  3  schematically  illustrates  both  the 
pupil  function  and  the  corresponding  PSF  for  a 
dilution  ratio  of  p  =  1.0,  0.5,  0.25,  and  0.125.  Note 
that  the  more  dilute  the  array,  the  broader  the 
envelope  function,  and  the  more  interference  peaks  in 
the  resulting  PSF.  The  PSF  curves  have  all  been 
normalized  to  the  same  peak  intensity.  The  behav¬ 
ior  illustrated  for  the  highly  dilute  arrays  in  Fig.  3 
will  obviously  result  in  spurious  multiple  ghost  im¬ 
ages  of  fine  detail  in  the  image  of  an  extended  object. 


D.  Modulation  Transfer  Functions  Resulting  from  Dilute 
Subaperture  Configurations 

The  normalized  autocorrelation  of  the  pupil  function 
described  b}-  Eq.  (7)  is  given  by 


MTF(?)  =  tri| 


(12) 
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Fig.  3.  Graphic  illustration  of  the  pupil  function  and  the  corre¬ 
sponding  diffraction-limited  PSF  for  dilution  ratios  of  1.00,  0.50, 
0.25,  and  0.125. 


Figure  4  illustrates  the  pupil  function  and  the  corre¬ 
sponding  MTF  for  dilution  ratios  of  1.0,  0.5,  0.25,  and 
0.125.  Note  that  the  cutoff  spatial  frequency"  is 
constant  for  all  cases  because  we  held  the  distance 
spanned  by  the  array  fixed.  The  very  small  dilution 
ratios  result  in  a  MTF  consisting  of  widely  separated 
discrete  passbands.  There  are  gaps  (values  of  zero) 
between  the  passbands  for  dilution  ratios  less  than 
0.5.  For  p  >  0.5  the  passbands  overlap,  eliminating 
all  gaps  in  the  MTF  below  the  cutoff  spatial  frequency. 
For  (3  =  1.0  the  spatial  frequency  response  is  per¬ 
fectly  uniform  between  L/7X/  <  ^  <  6L/7\f. 

E.  Images  Resulting  from  Dilute  Subaperture 
Configurations 

Before  we  investigate  the  diffraction  images  of  a 
two-bar  target  as  produced  by  dilute  subaperture 
configurations,  let  us  first  look  at  the  images  result¬ 
ing  from  conventional  full  apertures  of  different  sizes. 
The  diffraction-limited  image  of  an  extended  object  is 
obtained  when  the  geometrical  image  is  convolved 
with  the  diffraction-hmited  PSF.  Figure  5  illus¬ 
trates  the  two-bar  target  along  with  the  PSF  and  the 
diffraction  image  resulting  from  one-dimensional  ap¬ 
ertures  of  width  2/niax,  4/n,ax>  and  7/max  =  L. 
Normalizing  the  x  axis  by  X/^/4/max  =  7X/'/4L,  we 
choose  an  object  defined  by 

jx  -  0.5\  ix  +  0.5\ 
Object(x)  =  recti — — 1  +  recti — — I  *  (13) 
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Fig.  4.  Graphic  illustration  of  the  pupil  function  and  the  corre¬ 
sponding  diffraction-limited  MTF  for  dilution  ratios  of  1.00,  0.50, 
0.25,  and  0.125. 


From  Fig.  5a  it  is  evident  that  an  aperture  of  width 
/  max  not  even  come  close  to  resolving  the  two  bars 
maldng  up  the  object.  Figure  5c  indicates  that  it 
takes  an  aperture  at  least  4/max  wide  to  just  barely  re¬ 
solve  the  target,  and  Figure  5d  illustrates  the  weU-re- 
solved  image  obtained  with  a  full  aperture  of  width  L. 

Figure  6  now  illustrates  the  diffraction-limited 
images  produced  by  dilute  subaperture  arrays  span¬ 
ning  the  total  width  L.  These  images  were  calcu¬ 
lated  when  a  numerical  convolution  of  the  PSF  was 
performed  with  the  two-bar  target  (object)  illustrated 
in  Fig.  5.  The  dilute  arrays  producing  these  images 
are  identical  to  those  of  Figs.  3  and  4. 


Object  (x)  PSF(x)  Imap(x) 


Fig.  5.  Illustration  of  the  object,  the  PSF,  and  the  image  produced 
by  apertures  of  width  a,  /  maX)  b,  2 /rnaxj  C,  4 /maxi  ^  ^ mzx 

subaperture  size.  The  results  of  the  previous  analy¬ 
sis  indicate  that  highly  dilute  arrays  should  be  avoided 
if  high-resolution  images  are  to  be  obtained  of  ex¬ 
tended  objects  containing  fine  detail  with  high  con¬ 
trast.  In  this  situation,  multiple  ghost  images  pro¬ 
duced  by  a  given  feature  could  easily  be  mistaken  for 
actual  features  in  the  object. 

The  phenomenal  success  of  radio  astronomers  in 
achieving  extremely  high-fidelity  and  high-dynamic- 
range  images  by  using  very  dilute  telescope  arrays  is 
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F.  Discussion  of  Imaging  Behavior 

The  above  results  illustrate  that  the  severity  of  the 
multiple  ghost  images  reported  by  Barakat  increases 
with  decreasing  dilution  ratio.  These  dilute  arrays 
all  have  the  same  optimum  nonredundant  configura¬ 
tion  (uniform  distribution  of  passbands),  and  they  all 
span  the  same  total  width.  They  differ  only  in  the 
degree  of  diluteness  (dilution  ratio  or  fill  factor).  A 
careful  comparison  of  these  diffraction  images  with 
the  MTF’s  of  the  corresponding  arrays  indicates  that 
the  ghost  images  vanish  if  we  optimize  the  array  to 
produce  an  MTF  exhibiting  uniform  spatial  fre¬ 
quency  response.  One  can  do  this  for  a  given  nonre¬ 
dundant  array  configuration  merely  by  increasing  the 
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Fig.  6.  Graphic  illustration  of  the  pupil  function  and  the  corre¬ 
sponding  diffraction  images  of  a  two-bar  target  for  dilution  ratios  of 
1.00,  0.50,  0.25,  and  0.125. 
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due  to  the  fact  that  their  appUcation  provides  them 
with  (a)  high  signal-to-noise  observations  (there  is  no 
photon-noise  penalty  for  subdividing  the  aperture  or 
for  low-visibility  objects),  (b)  astronomical  observa¬ 
tions  that  allow  for  long  exposure  times  with  aperture 
S5Tithesis  by  rotation  of  the  Earth,  reconfiguration  of 
the  array,  or  both,  and  (c)  the  luxury  of  time  to 
perform  postdetection  processing  with  many  power¬ 
ful  image  deconvolution  algorithms.  Many  tactical 
and  strategic  defense  applications  of  interest  do  not 
have  any  of  these  advantages. 

We  now  apply  the  results  of  the  previous  analysis  to 
the  special  case  of  RPI  applications  with  dilute  array 
receivers.  In  this  particular  apphcation,  polarizing 
subaperture  arrays  can  be  utihzed  to  obtain  diffiaction- 
limited  information  concerning  objects  obscured  by  a 
random  phase  screen.  A  prescription  is  presented 
for  constructing  both  one-dimensional  and  two-dimen¬ 
sional  configurations  of  dilute  polarizing  subaperture 
arrays  that  result  in  a  uniform  spatial  frequency 
response  with  arbitrarily  high  spatial  resolution. 

3.  Optimum  Subaperture  Array  Configurations  for 
Reciprocal  Path  Imaging  Applications 

The  phenomenon  of  retroreflection  from  rough  sur¬ 
faces  or  suspended  particles, the  opposition  ef¬ 
fect,®®-®®  enhanced  backscatter,®®*^  or  the  double¬ 
passage  effect"*®^^  has  received  a  great  deal  of  attention 
in  recent  years.  This  naturally  occurring,  partial 
conjugate-wave  phenomenon  has  been  shown  to  be 
caused  by  constructive  interference  between  recipro¬ 
cal  multiple-scattering  paths  as  illustrated  in  Fig.  7. 

We  introduce  the  descriptive  phrase  reciprocal  path 
scattering  when  referring  to  this  gener^  phenom¬ 
enon,  and  we  reserve  the  phrase  reciprocal  path 
imaging  to  describe  attempts  to  exploit  this  phenom¬ 
enon  for  obtaining  diffraction-limited  images  of  ex¬ 
tended  objects  obscured  by  a  random  phase  screen, 
such  as  a  turbulent  atmosphere. 

Solomon  and  Dainty  discussed  the  use  of  polariza¬ 
tion  for  noise  suppression  in  RPI  through  a  random 
phase  screen.'*^  A  direct  optical  image  is  not  ob¬ 
tained  with  this  process;  however,  diffraction-hmited 
information  concerning  the  object  is  obtained  in  the 
form  of  the  modulus  of  the  Fourier  spectrum  of  the 


Incident  Plane  Wave 


Fig.  7.  Conjugate-wave  formation  by  reciprocal  path  scattering 
through  a  random  phase  screen  or  turbulent  medium. 


object.  Hence  the  actual  image  must  be  reconstructed 
from  that  information.  Bo^turov  et  al.  experimen¬ 
tally  demonstrated  the  effectiveness  of  using  orthogo¬ 
nal  polarizations  to  separate  the  common  path  ratfia- 
tion  from  the  reciprocal  path  radiation  in  a  simple 
Young’s  interference  experiment.'*®  This  experi¬ 
ment  yielded  stable,  high-contrast  interference  fringes 
even  in  the  presence  of  time-vaiying  turbulence. 

From  the  previous  analysis,  it  is  clear  that  an  MTF 
which  is  uniform  up  to  the  required  cut-off  spatial 
frequency  is  highly  desirable.  We  therefore  apply 
the  previous  analysis  and  extend  the  concept  of 
polarizing  subapertures  presented  in  Ref.  47  to  in¬ 
clude  subapertures  of  finite  size  for  use  in  RPI 
applications  where  high  resolution  images  of  ex¬ 
tended  objects  are  required. 

A.  Use  of  Polarization  for  Noise  Suppression  in  Reciprocal 
Path  Imaging  Applications 

Solomon  and  Daint3r^''  extended  the  use  of  polariza¬ 
tion  for  noise  suppression  in  RPI  applications  to  a 
multiple-pinhole  aperture,  and  they  discussed  the 
possibility  of  obtaining  estimates  of  many  spatial 
frequencies  simultaneously.  They  depicted  the  six- 
pinhole  aperture  illustrated  in  Fig.  8.  Here  the  plus 
sign  denotes  those  subapertures  with  quarter-wave 
plates  placed  at  -(-45°  relative  to  the  linearly  polarized 
illuminating  beam,  and  the  minus  sign  denotes  those 
subapertures  with  quarter-wave  plates  placed  at  -45°. 
In  this  double-pass  process,  those  spatial  frequencies 
(defined  by  the  separation  between  the  pinholes) 
formed  by  pinholes  having  dissimilar  quarter-wave 
plates  will  be  imaged  by  the  system,  and  those  formed 
by  pinholes  having  similar  quarter-wave  plates  will  be 
eliminated  because  of  the  resulting  orthogonal  polar¬ 
izations. 

Solomon  and  Dain'ty  then  s'tated  that  the  number 
of  spatial  frequencies  defined  by  a  nonredundant 
polarizing  aperture  of  this  type  is 

for  even  n,  (14) 


for  odd  n,  (15) 

whereas  for  a  conventional  n-pinhole  nonredundant 


Fig.  8.  Schematic  of  RPI  through  a  random  screen. 
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MTF 


Fig.  9.  One-dimensional  nonredundant  polarizing  array  of  square 
subapertures  and  the  corresponding  MTF  for  RPI  applications. 


aperture,  the  number  of  spatial  frequencies  is  given  by 
n[n  -  1) 

- 2 -  for  any  71.  (16) 

It  is  clear  that  in  the  limit  of  large  n,  the  polarizing 
aperture  only  images  one  half  as  many  spatial  frequen¬ 
cies  as  the  conventional  (nonpolarizing)  array. 

Since  Ref.  45  was  published,  it  has  become  clear 
that  the  above  technique  will  indeed  produce  a  stable 
fringe  pattern  for  each  pair  of  pinholes  that  has  a  plus 
and  minus  sign  associated  with  it.  However,  if  more 
than  two  pinholes  are  used,  there  will  also  be  time- 
var3dng  cross  terms  that  corrupt  the  stable  terms."^^ 
This  results  in  an  unstable  fringe  pattern,  and  time 
averaging  is  again  required  to  obtain  a  simple  relation¬ 
ship  between  the  object  spectrum  and  the  image 
spectrum. 

B.  One-dimensi6nal  Array  Configurations  for  Reciprocal 
Path  Imaging  Applications 

If  a  continuous  spatial  frequency  response  is  desired 
for  a  given  imaging  application,  one  needs  to  deter¬ 


mine  the  optimum  array  configuration  and  then 
increase  the  size  of  the  subapertures  until  the  various 
passbands  overlap.  For  conventional  (nonpolariz¬ 
ing)  sparse  imaging  arrays,  we  have  shown  that  the 
nonredundant  configuration  of  foiir  square  subaper¬ 
tures  [n  =  4)  illustrated  in  Fig.  4a  results  in  a  uni¬ 
form  spatial  frequency  response  out  to  a  cutoff  spatial 
frequency  of  L/\f.  Figure  9  illustrates  a  five- 
element  (/I  =  5)  polarizing  array  that  exhibits  an 
identical  (nonnormalized)  MTF  except  at  very  low 
spatial  frequencies. 

The  MTF  is  given  by  the  autocorrelation  of  the 
pupil  function  [recall  Eq  (1)].  The  autocorrelation 
integral  can  be  interpreted  as  the  area  under  the 
product  of  the  pupil  function  with  a  shifted  version  of 
itself.  However,  the  value  of  the  MTF  is  now  given 
not  merely  by  the  overlapped  pupil  area,  but  instead 
by  the  overlapped  area  of  subapertures  of  opposite 
signs  (polarizations).  Hence,  at  the  origin  the  MTF 
has  a  value  of  zero  instead  of  the  usual  maximum 
value  proportional  to  the  total  area  of  the  pupil. 

The  (nonnormalized)  MTF  dropping  to  zero  at  the 
origin  implies,  by  means  of  the  central  ordinate 
theorem  of  Fourier  transform  theory,  that  there  is  no 
energy  in  the  PSF.  However,  this  behavior  is  merely 
indicative  of  the  fact  that  the  polarizing  aperture  is 
effectively  opaque  to  reciprocal  path  radiation  carry¬ 
ing  zero  spatial  frequency  information.  This  ab¬ 
sence  of  zero  spatial  frequency  information  can  pre¬ 
sumably  be  readily  restored  from  the  conventional 
incoherent  image  produced  by  a  single  subaperture. 

Barakat^"^  stated  that  for  ti  >  5,  it  is  not  possible 
(even  in  principle)  to  obtain  this  desirable  behavior 
for  convention^  imaging  arrays.  However,  for  RPI 
applications  utilizing  polarization  for  noise  suppres¬ 
sion,  this  behavior  can  be  extended  to  an  arbitrarily 
high  cutoff  spatial  frequency.*^^  A  prescription  for 
constructing  a  one-dimensional  array  of  subapertures 
exhibiting  a  completely  uniform  spatial  frequency 
response  is  as  follows:  (a)  arrange  a  string  of  n/2 


a 


n//2  for  even  n 
(n+i)//2  for  odd  n 


- 1  = 


(n/Z  -  l)^tor  even  n 
(n  -  ^)^/2  for  odd  n 

[(n/2)^-  1]/for  even  n  _ 

[(n+l)(n-1)/4  +  1]^  for  odd  n 


MTF 


b 


1.0 


Fig.  10.  a,  Nine-element  one-dimensional,  nonredundant,  polarizing  imaging  array  of  square  subapertures;  b,  the  corresponding  uniform 
MTF  for  RPI  applications. 
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extended  range  in  spatial  frequency  space. 


[(n  +  1) /2  if  n  is  odd]  adjacent  square  subapertures 
(of  width/)  with  a  given  polarization,  (b)  follow  this 
with  one  subaperture  of  tbe  opposite  polarization,  (c) 
foUow  this  with  n/2  -  1  [(n  -  l)/2  if  n  is  odd]  blank 
spaces  of  width  /,  (d)  follow  this  with  one  subaperture 
of  the  opposite  polarization.  Repeat  steps  (c)  ^d  (d) 
until  all  subapertures  have  been  arranged  in  this 
configuration.  This  will  result  in  an  MTF  that  is 
constant  out  to  a  spatial  frequency  given  by 

(^)  Tf 

^ —  for  odd  n.  (18) 

\  2  2  ]Kf 

This  behavior  is  consistent  with  conditions  (14)  and 
(15).  A  nine-element  nonredundant  polarizing  array 
of  square  subapertures  and  its  associated  MTF  is 
shown  in  Fig.  10. 

The  above  behaivor  for  tbe  MTF  is  readily  verified 
when  an  analytical,  numerical,  or  graphical  autocorre¬ 
lation  of  the  above  polarizing  aperture  is  performed. 
The  above  prescription  for  the  optimum  array  configu¬ 
ration  was  empiricsdly  determined  to  yield  the  desirable 
MTF  characteristics  rather  than  analytically  derived. 

C.  Two-dimensional  Array  Configurations  for  Reciprocal 
Path  Imaging  Applications 

For  RPI  applications  utihzing  orthogonal  polmza- 
tions  for  suppression  of  noise,  the  two-dimensional, 
nonredundant,  polarizing  array  of  square  subaper¬ 
tures  illustrated  in  Fig.  11  will  produce  a  MTF  with  a 
uniform  spatial  frequency  response.  One  can  also 
extend  this  configuration  to  an  arbitrarily  high  cutoff 
spatial  frequency  (arbitrarily  high  resolution)  merely 
bv  increasing  the  size  of  the  array.  Again,  the 


uniform  behavior  for  the  above  MTF  is  readily  veri¬ 
fied  when  an  analytical,  numerical,  or  graphical  auto¬ 
correlation  of  the  above  polarizing  aperture  is  per¬ 
formed.  The  value  of  the  MTF  is  given  by  the 
overlapped  area  of  subapertures  of  opposite  sign 
(polarization)  as  one  pupil  is  shifted  past  the  other. 

This  aperture  and  its  MTF  is  reminiscent  of  the 
conventional  incoherent  MTF  of  a  highly  obscured 
annular  aperture.  However,  it  again  exhibits  a  notch 
at  the  origin  because  the  polarizing  aperture  is  effec¬ 
tively  opaque  to  reciprocal  path  radiation  carrying 
zero  spatial  frequency  information.  The  cutoff  spa¬ 
tial  frequency  is  given  by 

=  (19) 

and  the  number  n  of  subapertures  of  size  /  required 
to  achieve  that  cutoff  spatial  frequency  is  given  by 

n  =  4(L  -/■)/'/:  (20) 

Clearly,  the  fill  factor  of  the  array  rapidly  decreases 
with  increasing  n. 

4.  Summary 

After  a  brief  discussion  of  redundant  and  nonredun¬ 
dant  arrays,  a  linestr  systems  approach  was  utilized  to 
calculate  "the  image  characteristics  of  dilute  aperture 
configurations.  Detailed  parametric  performa.nce 
predicrtions  of  the  PSF,  the  MTF ,  and  the  diffraction- 
hmited  image  of  a  two-bar  target  were  calculated  for  a 
four-element,  nonredundant  subaperture  configura¬ 
tion  as  a  function  of  dilution  ratio.  Multiple  ghost 
images  were  seen  to  occur  for  the  highly  dilute  arrays, 
and  it  was  observed  that  a  uniform  spatial  frequency 
response  is  required  to  eliminate  these  undesirable 
image  characteristics. 
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Hence,  when  utilizing  dilute  aperture  configura¬ 
tions  to  produce  direct  optical  images  of  extended 
objects  containing  fine  detail,  we  find  it  is  not  suffi¬ 
cient  merely  to  use  an  optimum  nonredundant  array 
configuration.  The  size  of  the  subapertures,  or  the 
dilution  ratio,  is  also  a  crucial  parameter  affecting  the 
resulting  image  quality.  Furthermore,  the  unifor¬ 
mity  of  the  MTF  representing  a  subaperture  array  is 
an  excellent  indicator  of  the  achievable  image  quality. 

Finally,  we  applied  the  above  analysis  to  RPI 
applications  and  developed  a  prescription  for  con¬ 
structing  both  one-dimensional  and  two-dimensional 
dilute  array  configurations  that  3deld  an  MTF  exhibit¬ 
ing  a  continuous  and  uniform  spatial  frequency  re¬ 
sponse  up  to  an  arbitrarily  high  cutoff  spatial  fre¬ 
quency.  Clearly,  the  size  of  the  subapertures  for  a 
given  application  will  be  limited  by  the  size  of  the 
individual  phase  cells  in  the  random  phase  screen. 
The  precise  effect  of  specific  phase  screen  characteris¬ 
tics  on  the  achievable  image  quality,  and  the  optimum 
subaperture  size  (and  therefore  number)  will  be  the 
subject  of  following  studies. 

Appendix  A.  Symbolic  Representation  of  Mathematical 
Functions 


The  Fourier  transform  pairs  are  defined  as 


F{^,  -n) 

f{x,y) 


jj 

u 


fix,  y}exp[-i2rrix^  +  j7l)](kd3', 
Fit,  ■Tl)exp[i2'ir(x^  +  j-n)]d^d-n. 


Examples  of  these  are  as  follows; 

fix,y)  «  Fit,  T|),  or  Fit,  =-F'{fix,y]}, 
rect(x,y)  <=»  3inc(|,  t|), 
tri(x,y)  sinc^(^,  T]), 

2  cos(2'rraa:)  <=>  5(£  —  a)  +  8(^  +  a), 

5(x)  <=>  1. 

The  similarity  theorem  is 

given  fix)  «>  F(?), 
then  f{x/a)  «>  |a|F(a^); 

the  shift  theorem  is 


The  symbolic  representation  of  mathematical  func¬ 
tions  is  as  follows: 

rectangle  function  =  rect 


given  fix)  «  Fit), 
then  fix  —  Xq)  <=>  exp(-i2Tn:o^)F(^); 
and  the  convolution  theorem  is 


/■ 


0 

for  |x| 

>2’ 
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for  X 1 
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""  2’ 
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for  x| 

/ 

<2’ 

triangle  function  =  tri|jj 

1  -  \x\  for  |x|  < /, 

0  for  |xl  >  /; 

jx\  sinfTCc//) 

sine  function  =  sine  ~  ^ — r; —  ’ 

\/}  TTX// 

Dirac  delta  function  =  b(x  —  a). 

The  convolution  operation  is 
1^00 

fix)  *  gix)  =  I  fia)gix  -  a)da, 

and  the  cross-correlation  operation  is 

^00 

fix)  -kgix)  =  ficL)gia  -  a:)da. 


given  fix)  «  Fit), 
gix)  -  Git), 

then  fix)*gix)=Fit)Git}. 
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Precision  pointing  and  tracking 

through  random  media  by  exploitation  of  the 

enhanced  backscatter  phenomenon 
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The  active  illumination  of  a  target  through  a  turbulent  medium  with  a  monostatic  transmitter-receiver 
results  in  a  naturally  occurring  conjugate  wave  caused  by  reciprocal  scattering  paths  that  experience 
identical  phase  variations.  This  reciprocal  path-scattering  phenomenon  produce.s  an  enhanced 
backscatter  in  the  retroversc  direction  iprecisely  along  the  boresighi  of  the  pointing  telescope).  A  dual 
aperture  cau.sc.s  this  intensity  enhancement  to  take  the  form  of  Youngs  interference  fringe.s. 
Interference  fringes  produced  by  the  reciprocal  path-scattering  phenomenon  are  temporally  stable  even 
in  the  presence  of  time-varying  turbulence.  Choosing  the  width-to-.separation  ratio  of  the  dual 
apertures  appropriately  and  utilizing  orthogonal  polarizations  to  suppress  the  time-varying  common- 
path  scattered  radiation  allow  one  to  achieve  interferometric  sensitivity  in  pointing  accuracy  through  a 
random  medium  or  turbulent  atmosphere.  Computer  simulations  are  compared  with  laboratory' 
experimental  data.  This  new  precision  pointing  and  tracking  technique  has  potential  applications  in 
ground -to-space  laser  communications,  laser  power  beaming  to  satellites,  and  theater  missile  defense 
scenarios. 
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1,  Introduction 

The  ultimate  success  or  failure  of  many  militar}^ 
space,  and  scientific  programs  relies  on  the  accuracy 
of  optical  pointing  and  tracking  subsystems.  Opti¬ 
cal  tracking  technology  advanced  rapidly  during 
World  W^ar  II,  when  gun  directors,  optical  sighting 
systems,  and  infrared  devices  were  developed. 
Since  that  time,  the  missile  and  space  age  has 
become  the  prime  motivation  for  the  continued  devel¬ 
opment  of  optical  tracking  systems.  Although  this 
research  field  has  historically  been  driven  by  defense- 
related  applications,  it  is  now  poised  for  many  dual- 
use  and  commercial  applications,  such  as  laser  com¬ 
munication  links,  laser  radar  applications,  and  laser 
power  beaming  to  satellites.  There  seems  to  be  a 
continual  demand  for  higher  pointing  accuracy  in 
the  presence  of  various  environmental  error  sources, 


The  authors  are  with  the  Center  for  Research  and  Education  in 
Optics  and  Lasers,  University  of  Central  Florida,  P.O.  Box  162700, 
Orlando,  Florida  32816. 

Received  30  August  1995:  revised  manuscript  received  7  Febru¬ 
ary  1996. 

0003-6935  96/214220-09$10.00  0 
o  1996  Optical  Society  of  America 


and  tracking,  reciprocal  path  scattering,  enhanced  backscatter. 


such  as  atmospheric  turbulence  and  vibration- 
induced  jitter.  A  brief  review  of  the  historical  devel¬ 
opment  of  optical  tracking  was  provided  in  a  special 
issue  of  Applied  Optics  in  1966.^  A  1993  issue  of 
Optical  Engineering  brings  us  up  to  date  on  more 
recent  technology  developments,  with  a  guest  edito¬ 
rial  and  20  separate  papers  on  acquisition,  pointing, 
and  tracking.^ 

This  paper  deals  specifically  with  a  new  technique 
that  exploits  the  enhanced  backscatter  (EBS)  phenom¬ 
enon  that  results  from  reciprocal  scattering  paths 
when  the  active  illumination  of  a  target  through  a 
random  refractive  medium  is  used.  The  use  of  a 
dual  aperture  permits  interferometric  sensitivity  in 
pointing  accuracy  to  be  achieved  when  polarization 
techniques  are  employed  to  suppress  unwanted  scat¬ 
tered  radiation.  First  the  EBS  phenomenon  is  re¬ 
viewed;  then  the  use  of  polarization  for  noise  suppres¬ 
sion  during  the  use  of  a  dual  aperture  is  discussed; 
finally,  the  pointing  sensitivity  is  modeled  and  com¬ 
pared  with  the  results  of  laboratory  experiments. 

2.  Enhanced  Backscatter  Phenomenon 

The  phenomenon  of  retroreflection  from  rough  sur¬ 
faces  or  suspended  particles, the  opposition  ef¬ 
fect,^  enhanced  backscatter, the  double-passage 
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or  reciprocal  path  imaping^^*^^  has  re¬ 
ceived  a  great  deal  of  attention  in  recent  years. 
This  naturally  occurring,  partial  conjugate-wave  phe¬ 
nomenon  has  been  shown  to  be  caused  by  constructive 
interference  produced  by  multiple  reciprocal  scatter¬ 
ing  paths  through  a  random  refractive  phase  screen, 
as  illustrated  in  Fig.  1. 

If  we  consider  two  arbitrary  ray  paths  isay  and 
£4)  orthogonal  to  the  incident  plane  wave,  they  will 
be  scattered  by  the  random  phase  screen  as  indi¬ 
cated  schematically  in  Fig.  1.  One  scattered  compo¬ 
nent  in  each  of  the  resulting  angular  spectrum  of  ray 
paths  will  be  directed  toward  the  target  and  reflected 
(scattered)  back  along  the  incoming  path  of  a  compan¬ 
ion  scattered  component.  They  will  each  be  scat¬ 
tered  a  second  time  on  the  return  trip  when  they 
encounter  the  random  phase  screen.  Again,  one 
scattered  component  in  each  of  the  resulting  angular 
spectrum  of  ray  paths  'will  be  directed  back  precisely 
antiparallel  to  the  incident  companion  ray  path. 
Assuming  that  the  temporal  variations  of  the  ran¬ 
dom  phase  screen  are  slow  relative  to  the  round  trip 
time  of  flight,  we  see  that  light  propagating  along 
any  two  reciprocal  scattering  paths  will  clearly  expe¬ 
rience  identical  phase  delays  because  of  their  double 
passage  through  the  same  two  points  on  the  random 
phase  screen.  Because  this  situation  holds  for  a 
myriad  of  possible  ray  pairs  associated  with  the 
incident  wave  front,  a  multitude  of  conjugate  waves 
(perfect  plane  waves}  are  formed  (each  having  its  own 
total  phase  delay)  and  propagate  back  toward  the 
transmitting  aperture,  along  with  all  of  the  returned 
scattered  radiation. 

A  monostatic  laser  imaging  configuration  such  as 
that  illustrated  schematically  in  Fig.  2  is  required 
for  the  reciprocal  path  effect  to  exist  and  produce  a 
conjugate  return  wave.  The  resulting  irradiance 
pattern  in  the  image  plane  is  a  time-varying  speckle 
pattern  caused  by  the  random  phase  screen.  How¬ 
ever,  when  many  realizations  of  the  speckle  pattern 
are  averaged,  a  narrow  enhancement  will  form  on 
the  smoothed  scattered  light  distribution.  Figure  3 
illustrates  a  computer  simulation  of  this  phenomena 


IxkCidcttt  Plazic  Ware 


Fig  1.  Conjugate-wave  formation  by  RPS  through  a  random 
phase  screen  or  turbulent  medium. 
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Fig.  2.  Monosutic  la.ser  imaging  configuration  u.sed  to  demon¬ 
strate  the  EBS  phenomenon. 


that  represents  the  average  of  110  realizations  of  the 
speckle  pattern.  The  target  was  assumed  to  be  an 
optically  smooth  mirror  in  the  far  field  of  the  trans¬ 
mitting  aperture.  A  deliberate  pointing  error  [inci¬ 
dent  angle)  of  approximately  0.02®  is  evident  from 
the  position  of  the  enhancement  relative  to  the 
center  of  the  scattering  function. 

Figure  4  shows  the  experimental  results  of  a 
laboratory  experiment  in  which  a  propane  burner 
was  used  to  create  the  time-varying  random  phase 
screen.  A  helium-neon  laser  was  used  as  a  source 
for  illuminating  the  target.  The  target  was  a  nar¬ 
row  rectangular  mirror  whose  width  was  small 
compared  with  the  size  of  the  illuminating  beam. 
After  reflecting  from  the  target  in  the  object  plane, 
the  return  radiation  passed  through  the  random 
phase  screen  a  second  time,  was  focused  onto  the 
image  plane,  and  was  recorded  with  a  CCD  camera 
with  a  1.0-s  exposure  time.  By  translating  the 
target  slightly  from  the  center  of  the  illuminating 
beam,  the  recorded  image  was  qualitatively  very 
similar  to  the  previous  computer  simulation.  The 
greater  width  of  the  measured  enhancement  is  due 
to  diffraction  from  the  finite  extent  of  the  incident 
beam. 

One  must  be  careful  not  to  confuse  the  backscatter 
enhancement  with  an  image  of  the  target.  The 
scattering  function  is  the  (turbulence-induced)  blurred 
image  of  the  target.  If  two  separate  targets  were 
illuminated  and  imaged  by  the  tracking  telescope, 


Fig.  3.  Computer  simulation  of  the  EBS  phenomenon  (110  real- 
izationsl. 
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Fig.  4.  Measured  irradiance  profile  through  the  enhancement 
(1.0-s  exposure  time}. 


there  would  not  be  two  separate  enhancements; 
instead,  there  would  be  two  separate  scattering 
functions  with  a  single  enhancement  on  the  bore- 
sight  of  the  telescope,  as  illustrated  schematically  in 
Fig.  5.  Experimental  data  indicating  a  single  en¬ 
hancement  caused  by  two  separate  targets  are  illus¬ 
trated  in  Fig.  6. 

A  direct  optical  image  is  thus  not  formed  by  this 
EBS  process;  however,  information  concerning  the 
spatial  frequency  content  of  the  image  does  exist  in 
the  reciprocal  path  radiation,  and  image  reconstruc¬ 
tion  algorithms  can  be  implemented  to  recover  an 
image  of  an  extended  object We  introduce 
the  descriptive  phrase  reciprocal  path  scattering 
(EPS)  when  referring  to  this  general  conjugate-wave 
phenomenon,  and  we  reserve  the  phrase  reciprocal 
path  imaging  to  describe  attempts  to  exploit  this 
phenomenon  for  obtaining  diffraction-limited  im¬ 
ages  of  extended  objects  actively  illuminated  through 
a  random  medium.  Furthermore,  polarizing  sparse 
array  configurations  have  been  described  that  yield 
a  uniform  spatial  frequency  response  in  reciprocal 
path  imaging  applications.^®*^® 

For  a  pointing  and  tracking  application,  the  en¬ 
hancement  lies  precisely  on  the  boresight  of  the 


Image  Plane  y  axis 

Fig.  5.  Schematic  illustration,  showing  that  two  separate  targets 
result  in  two  broad  scattering  functions  and  a  single  backscattcr 
enhancement. 


Fig.  6.  Experimentally  measured  profile,  indicating  two  sepa¬ 
rate  scattering  functions  and  a  single  backscattcr  enhancement. 


tracking  telescope  (the  return  conjugate  wave  is  a 
precise  retro  reflection),  and  the  scattering  function  is 
centered  on  the  geometrical  image  of  the  target. 
If  the  correlation  width  of  the  wave-front  perturba¬ 
tions  is  small  enough  (relative  to  the  wavelength)  to 
produce  a  scattering  cone  sufficient  to  illuminate  the 
target  from  anywhere  within  the  transmitting  aper¬ 
ture,  and  if  the  return  radiation  from  the  target  fills 
the  telescope  aperture,  then  the  width  of  the  enhance¬ 
ment  will  be  equal  to  the  diffraction-limited  point 
spread  function  (PSF)  of  the  telescope. In  addi¬ 
tion,  if  the  correlation  width  of  the  phase  errors  is 
small  relative  to  the  aperture  diameter  (there  are 
many  effective  scattering  centers),  the  height  of  the 
enhancernent  will  be  approximately  twice  the  height 
of  the  scattering  function  at  the  location  of  the 
enhancement. Figure  7  illustrates  the  experi¬ 
mentally  measured  intensity  profile  through  the 


Fig.  7.  Experimentally  measured  intensity  profile  through  the 
enhancement  as  the  target  is  displaced  from  the  boresight.  Note 
that  the  enhancement  remains  fixed  on  the  telescope  boresight 
and  the  scattering  function  shifts  with  the  geometrical  image  of 
the  target. 
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enhancement  as  the  target  is  displaced  relative  to 
the  telescope  boresight.  Note  that  the  enhance¬ 
ment  remains  fixed  on  the  telescope  boresight  while 
the  scattering  function  moves  with  the  geometrical 
image  of  the  target. 

The  pointing  error  is  given  by  the  displacement 
between  the  enhancement  and  the  center  of  the 
broad  scattering  function.  This  could  perhaps  be 
measured  two  different  ways.  On  one  hand,  if  we 
try  to  measure  the  displacement  directly,  we  can 
determine  it  no  more  accurately  than  we  can  deter¬ 
mine  the  center  of  the  broad  scattering  function. 
On  the  other  hand,  if  we  try  to  maximize  the  height 
of  the  enhancement  as  we  vary  the  boresight  angle, 
we  again  have  a  slowly  varying  function  that  just 
follows  the  broad  scattering  function  as  illustrated 
in  Fig.  8.  Hence,  the  presence  of  the  enhancement 
does  not  initially  appear  to  improve  our  pointing 
capability.  However,  we  see  in  Section  3  that  this 
enhancement  can  indeed  be  manipulated  to  yield  a 
very  precise  measure  of  the  pointing  error. 

3.  Interferometric  Pointing  Sensitivity  through  a 
Random  Media 

We  now  proceed  to  describe  a  technique  that  exploits 
the  EBS  phenomenon  discussed  above  to  achieve 
precision  pointing  accuracy  when  a  dual  aperture  is 
used  for  active  illumination  of  the  target  and  polar¬ 
ization  techniques  are  used  for  suppressing  the 
unwanted  (common-path)  scattered  radiation. 

A.  Polarization  Suppression  of  Noise  in  Young’s 
Interference  Experiment 

Solomon  and  Dainty  have  discussed  the  use  of 
polarization  for  noise  suppression  in  double-passage 
imaging  through  a  random  phase  screen.^®  A  direct 
optical  image  is  not  obtained  with  this  process; 
however,  diffraction-limited  information  concerning 
the  object  is  obtained  in  the  form  of  the  squared 
modulus  of  the  Fourier  spectrum  of  the  object. 


Fig.  8.  Superposition  of  experimentally  measured  scattering 
functions,  indicating  the  envelope  of  enhancement  heights. 


Hence,  the  actual  image  must  be  reconstructed  from 
that  information.  Bogaturov  et  aL’^  have  experi¬ 
mentally  demonstrated  the  effectiveness  of  using 
orthogonal  polarizations  to  separate  the  common- 
path  radiation  from  the  reciprocal  path  radiation  in 
a  simple  Young  interference  experiment.  This  ex¬ 
periment  yielded  stable,  high-contrast  interference 
fringes  even  in  the  presence  of  time-varying  turbu¬ 
lence. 

B.  EBS  in  the  Form  of  Young’s  Interference  Fringes 

Consider  the  use  of  a  dual  aperture  made  up  of  two 
rectangular  subapertures  of  width  6,  separated  by  a 
distance  a  in  the  pupil  plane  of  the  previous  optical 
setup,  with  a  half-wave  plate  following  one  subaper¬ 
ture  as  illustrated  in  Fig.  9.  A  horizontally  polar¬ 
ized  (parallel  to  the  y  axis)  incident  laser  beam  is 
transmitted  through  the  polarizing  beam-splitter 
cube  and  the  dual  aperture  before  passing  through 
the  random  phase  screen.  If  subaperture  B  is  fol¬ 
lowed  by  a  k/2  plate  whose  axis  is  oriented  at  45°, 
the  polarization  of  that  beam  is  rotated  by  90°  to  the 
vertical  orientation  (perpendicular  to  the  y  axis). 
The  target  is  thus  illuminated  by  two  separate 
beams  of  orthogonal  polarizations. 

On  the  return  trip,  each  subaperture  receives 
scattered  light  that  originated  from  both  subaper¬ 
tures.  The  X/2  plate  again  rotates  the  polarization 
of  the  return  radiation  passing  through  subaperture 
B  by  90°.  The  double-pass  radiation  thus  consists 
of  the  following  four  components:  AA(II),  BA(1), 
AB{1),  and  SS(Ii);  where  the  polarizations  indicated 
in  the  parentheses  are  parallel  or  perpendicular  to 
the  y  axis.  If  the  width  of  the  individual  subaper¬ 
tures  is  less  than  the  average  turbulence  cell  size 
(Fried’s  then  BA(-L)  and  AuB(l)  constitute  the 
reciprocal  path  radiation  producing  the  enhanced 
backscatter,  whereas  AA(II)  and  BS(ii)  constitute  the 
common-path  radiation  that  results  in  the  broad 
scattering  function.  The  polarizing  beam  splitter 
reflects  the  reciprocal  path  radiation  toward  lens  2 
and  the  CCD  camera  and  transmits  the  common- 
path  radiation. 

Assuming  the  spatial  phase  variations  are  negli¬ 
gible  over  the  width  of  the  subaperture  (6  <  r„;,  we 
can  derive  the  expected  irradiance  distribution  in 
the  image  plane  in  a  straightforward  manner  by 
using  conventional  Fourier  optical  techniques  to 
propagate  from  the  transmitting  pupil  plane  (xo,yol» 
to  the  object  plane  fxi,  y  j),  to  the  receiving  pupil  plane 
(^27  yi)*  and  finally  to  the  image  plane  (x3,y3).  As  we 
stated  above,  the  target  is  illuminated  by  two  sepa¬ 
rate  beams  of  orthogonal  polarizations.  We  thus 
calculate  the  complex  amplitude  distribution  emerg¬ 
ing  from  the  receiving  pupil  plane  for  the  two 
components  of  the  reciprocal  path  radiation  sepa¬ 
rately,  and  then  we  add  and  propagate  to  the  image 
plane. 

Starting  with  a  unit  amplitude  plane  wave  nor¬ 
mally  incident  upon  subaperture  A  (which  lies  in  the 
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front  focal  plane  of  lens  1)  and  using  the  symbolic 
notation  of  mathematical  functions  and  operations 
popularized  by  Bracewell,^  Goodman,^®  and  Gas- 
kill, we  can  express  the  complex  amplitude  illumi¬ 
nating  the  target  as^’ 


jj.  ,  ,  exp(i2;!/’,)  _j 


rec 


>0  -  “/2 


'n=>i  x/i 


(1) 


where  .7^\  ]  is  the  Fourier  transform  operator  and  t) 
is  the  reciprocal  variable  in  Fourier  transform  space. 
Applying  the  shift  theorem  and  the  similarity  thec- 
rem  of  Fourier  transform  theory, we  can  write 


exp(t2A/'i) 

ikf^ 


2  \f i) 


(2) 


Note  that  we  use  to  represent  the  complex 
amplitude  distribution  incident  upon  a  plane  (mask 
or  target)  and  C/“"  to  represent  the  complex  amplitude 
distribution  emerging  from  that  plane.  The  return 
radiation  incident  upon  the  receiving  pupil  plane 
mask  is  now  given  by  the  same  Fourier  transform 
relationship  expressed  earlier  in  Eq.  (1): 

expli2kfi) 

u-^J.y2)  =  vr  (4) 

Substituting  Eq.  (3)  into  Eq.  (4)  and  applying  the 
convolution  theorem  and  the  scaling  property  of  the 
convolution  operation, we  obtain 

jy2  +  a/2\ 

UlBdy2)  =  -exp(i4/t/‘i)rectJ - - - 


If  an  unresolved  target  is  located  a  distance  A  from 
the  optical  axis,  it  can  be  represented  by' a  shifted 
delta  function,  and  the  optical  disturbance  reflected 
from  the  target  can  be  written  as 

^AsJyi)  =  u^,JyiMyi  -  a) 

exp[i2kfi)  I  yi  \ 


I  z2'ITAy2\ 


where  the  asterisk  denotes  the  convolution  opera¬ 
tion. 

The  reciprocal  path  radiation  (complex  amplitude 
distribution)  emerging  from  subaperture  B  is  now 
given  by 


f  ^  yi\ , 

X  expj 

(3) 

16) 

4224  APPLIED  OPTICS  /  Vol,  35.  No.  21  /  20  July  1996 


or 


ly^  g  2 
b 

>2  a  2’ 


X  rec 


rectj- 


*  exp 


-J2^y.^\ 

X/-, 


(7) 


which  can  be  written  as 
^ABihi)  -  -expi74A/‘i) 
X 


(y2\  /-'SirAyj] 

IHbll 

5^2  ^ 


(8) 


Similarly,  if  we  start  with  subaperture  B  and 
perform  the  same  operations,  the  reciprocal  path 
radiation  emerging  from  subaperture  A  is  given  by 

^aAJ.V2j  =  -expi/A*/,) 


Because  they  are  now  of  the  same  polarization  we 
can  add  the  complex  amplitudes: 

U'iyn]  =  U^ifjy^]  +  UI,^,Jy.j].  (10) 

Because  of  the  distributive  property  of  the  convolu- 


Fir.  10  CCD  image  and  irradiance  profile  of  lai  monostatic  measurements,  demonstrating  static  fringes  over  a  10-s  exnosure  time- 

;bibistat.c  measurements,  demonstrating  time-varying  iblurredi  fringes.  c  mnges  o%er  a  10  s  exposure  time. 
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tion  operation,^* 


U'-y2i  =  -expuAkfyi 


Because  the  dual  aperture  also  lies  in  the  front  focal 
plane  of  lens  2,  the  complex  amplitude  distribution 
incident  upon  the  final  image  plane  is  now  given  by 


U-{y,)  = 


expii2kf2] 

ikfi 


(12) 


Substituting  Eq.  (11)  into  Eq.  (12),  we  get 


-K 

U-\y,)  =  — 


*  b  sine 


^  TT 


2  cos  TT 


kf2.  a 


(13) 


where  K  =  expjtA(2/^2  ^f\%  Applying  the  shift  theo- 
rem  and  the  sifting  property  of  the  delta  function--''"  to 
the  convolution  in  the  square  brackets,  we  obtain 


subapertures  to  be  twice  their  width  .a  =  2b.,  then 
there  will  be  only  three  cosine  fringes  under  the 
central  lobe  of  the  sinc^  envelope  function.  This 
fringe  pattern  remains  quite  stable  even  in  the 
presence  of  severe  turbulence  produced  by  the  pro¬ 
pane  burner.  Actually,  only  the  nulls  (dark  fringes) 
are  completely  stable.  The  peaks  fluctuate  slightly 
in  amplitude  (and  perhaps  slightly  in  position;;  how¬ 
ever,  these  effects  are  quite  small  and  the  relative 
stability  is  demonstrated  by  the  CCD  image  and 
irradiance  profile  illustrated  in  Fig.  lOfa).  A  bistatic 
measurement  (separate  transmitting  and  receiving 
apertures)  in  which  the  EBS  phenomenon  does  not 
occur  and  in  which  the  time-varying  fringes  are 
completely  washed  out  is  shown  in  Fig.  10(b)  for 
comparison.  Note  that  a  10-s  exposure  time  was 
used  to  record  these  images. 

Figure  11  illustrates  a  measured  irradiance  profile 
(1-s  exposure  time)  superposed  on  a  theoretical  predic¬ 
tion  calculated  from  Eq.  (151  for  a  situation  in  which 
there  is  an  appreciably  pointing  error.  The  agree¬ 
ment  between  theory  and  experiment  is  excellent. 
The  asymmetry  of  the  three-fringe  pattern  is  a 
measure  of  the  pointing  error  and  can  be  quantified 
by  defining  the  following  asymmetry  parameter: 


h  +  /.  ’ 


(161 


-K2b^ 

U~(ya)  = - : —  sinci 


A/-,/6 


sine- 


^/a/  b 


X  cos  hr 


— 

X/*2  aj 


(14) 


and  the  irradiance  distribution  in  the  image  plane  is 
given  by 


/3(y3)  =  1C/1J3)1"  -  46^  sinc^ 


sine 


Wb 


cos 


3'3 


Tx4/a 


(15) 


Hence,  not  only  is  the  unwanted  scattered  light 
completely  suppressed  by  the  polarizing  beam  split¬ 
ter,  but  the  backscattered  enhancement  now  takes 
the  form  of  a  target-position-dependent  constant 
multiplied  by  Young’s  interference  pattern  (term  in 
square  brackets)  consisting  of  cos-  interference  fringes 
with  a  sinc^  envelope  function.  Furthermore,  it  is 
apparent  that  the  interference  fringes  are  indepen¬ 
dent  of  the  target  position  (the  zero-order  fringe 
remains  fixed  on  the  telescope  boresight  regardless 
of  pointing  error),  and  the  envelope  function  is 
always  centered  on  the  image  of  the  target,  i.e.,  the 
envelope  function  shifts  relative  to  the  fringes  by  an 
amount  proportional  to  the  pointing  error.  The 
peak  irradiance  clearly  decreases  with  increasing 
pointing  error,  and  it  goes  to  zero  when  the  illuminat¬ 
ing  sinc^  function  misses  the  target. 

If  we  choose  the  separation  of  the  two  rectangular 


where  ./2,  and  /3  are  the  peak  irradiances  of  the 
three  fringes  as  illustrated  in  Fig.  11.  This  asymme¬ 
try  parameter  can  be  accurately  measured,  and  it  is 
quite  sensitive  to  the  pointing  error. 

C.  Interferometric  Pointing  Sensitivity 

Because  Young’s  fringes  remain  stable  even  in  the 
presence  of  temporally  varying  random  phase  errors, 
the  above  asymmetry  parameter  can  be  plotted 
versus  the  telescope  pointing  error  to  produce  a 


Image  Piane  X  Axis  In  mm 

Fig.  11.  Theoretical  EBS  function  (caused  by  a  dual  aperture: 
superposed  on  an  experimental  measurement  in  the  presence  of 
turbulence  (1-s  exposure  time}.  The  asymmetry  in  the  sidelobes 
caused  by  the  pointing  error  is  evident. 
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Fig.  12.  Pointing  error  calibration  curve,  indicating  interferomet¬ 
ric  accuracy. 


calibration  curve,  which  indicates  that  interferomet¬ 
ric  pointing  sensitivity  can  be  achieved  with  this 
RPS  technique.  Figure  12  illustrates  this  interfero¬ 
metric  sensitivity,  as  well  as  the  27:  ambiguity  that 
accompanies  many  interferometric  measurements. 

4.  Comparison  of  Experimental  Data  with  Computer 
Simulations 

An  extensive  series  of  CCD  images  were  recorded  as 
the  target  in  the  object  plane  was  sequentially 
displaced  by  a  precise  amount  with  a  translation 
stage  fitted  with  a  micrometer  adjustment.  A  pro¬ 
pane  burner  was  used  to  produce  the  random  phase 
screen,  and  each  image  was  recorded  with  a  10-s 
exposure  time.  The  asymmetry  parameter  was  cal¬ 
culated  and  superposed  on  the  pointing  error  calibra¬ 
tion  curve,  as  illustrated  in  Fig.  13.  Note  that  the 
displacement  of  the  target  has  been  divided  by  the 
focal  length  of  lens  1  to  convert  the  ordinate  of  the 
calibration  curve  to  angular  units. 


DIffraction-limIted 

PSF 


Fig.  14.  Diffraction-limiled  angular  PSF  of  the  pointing  tele¬ 
scope. 


A  small  adjustment  in  the  slope  of  the  experimen¬ 
tal  curve  was  made  to  correct  for  a  systematic  error 
(average  wave-front  tilt  across  the  aperture!  in  the 
experimental  data,  and  the  root-mean-square  (rms) 
error  in  the  measured  asymmetry  parameter  for  this 
set  of  data  was  calculated: 


Dividing  this  by  the  slope  of  the  calibration  curve 
yields  the  accuracy  to  which  the  pointing  error  can 
be  determined  by  this  method.  The  rms  error  in  the 
measurement  of  the  telescope  pointing  error  for 
these  27  data  points  is  less  than  a  tenth  of  an  aremin: 

rms  error  =  0,09774  aremin.  (18) 

This  is  best  expressed  as  a  fraction  of  the  angular 
width  of  the  diffraction-limited  PSF  of  the  telescope 
aperture,  as  illustrated  in  Fig.  14.  In  our  labora- 
toiy  experiment,  \  =  0.6328  pm  and  D  =  a  +  6  = 
0.65  mm;  hence 
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Th^orattcal  0«i«  - 
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Off-axis  Shift  In  aremin 


Fig.  13.  Comparison  of  experimental  data  with  theoretical  pre¬ 
dictions. 


ann„  0.09774  aremin 

o'difT  2.44  \/D 


0.012. 


(19) 


We  have  thus  demonstrated  with  this  laboratory 
experiment  that  the  EBS  phenomenon  can  be  ex¬ 
ploited  to  measure  telescope  pointing  errors  through 
a  random  media  or  turbulent  atmosphere  to  approxi¬ 
mately  1%  of  the  angular  width  of  the  diffraction- 
limited  PSF  of  the  pointing  telescope. 

5.  Summary  and  Conclusions 

After  reviewing  the  enhanced  backscatter  phenom¬ 
enon,  we  noted  that  the  mere  presence  of  a  diffraction- 
limited  intensity  enhancement  is  not  sufficient  to 
allow  the  accurate  measurement  of  telescope  point¬ 
ing  errors  through  random  media.  However,  intro¬ 
ducing  a  monostatic  dual  aperture  with  subaperture 
sizes  of  the  order  of  Fried’s  causes  the  RPS  light  to 
produce  an  intensity  enhancement  in  the  form  of  a 
temporally  stable  Young  interference  pattern  (even 
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in  the  presence  of  time-varying  turbulence).  By 
choosing  the  width-to-separation  ratio  of  the  dual 
aperture  appropriately,  we  see  that  only  three  inter¬ 
ference  fringes  exist  within  the  central  lobe  of  the 
envelope  function.  The  interference  fringes  are  fixed 
with  respect  to  the  telescope  boresight  and  the 
envelope  function  moves  with  the  pointing  error; 
hence,  the  asymmetry  of  the  interference  pattern  is  a 
direct  measure  of  the  telescope  pointing  error.  In 
addition,  by  using  polarization  techniques  to  sup¬ 
press  noise  from  the  common-path  scattered  light, 
we  can  measure  this  asymmetry  accurately  enough 
to  achieve  interferometric  sensitivity  in  pointing 
error  measurements  through  random  refractive  me¬ 
dia.  A  laboratory  proof-of-concept  experiment  has 
demonstrated  an  rms  measurement  error  of  approxi¬ 
mately  1%  of  the  angular  width  of  the  diffraction- 
limited  PSF  of  the  pointing  telescope. 

This  enhanced  backscatter  phenomenon  should 
exist  for  any  target  that  reflects  (or  scatters)  light 
back  through  a  monostatic  aperture.  However, 
many  real  situations  of  interest  might  involve  unco¬ 
operative  targets  (highly  absorbing  or  diffusely  re¬ 
flecting)  from  which  the  enhanced  backscattered 
signal  is  greatly  diminished,  thus  resulting  in  severe 
signal-to-noise  problems.  Field  experiments  with 
various  targets  over  a  1-km  range  are  currently 
being  planned  to  determine  the  conditions  under 
which  this  is  a  workable  pointing  and  tracking 
technique. 
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7.0  IMAGE  RECONSTRUCTION 


Harley  R.  Myler,  Ph.D.  and  Arthur  R.  Weeks,  Ph.D. 

7.1  Background 

This  chapter  of  the  report  discusses  the  development  of  a  suite  of  reconstruction  algorithms  for  the 
processing  of  laser  speckle  images.  Laser  speckle  images  provide  a  measurement  of  the  Fourier  transform 
magnitude  of  an  illuminated  object  while  the  phase  information  associated  with  the  magnitude  is  lost.  In  order  to  be 
able  to  reconstruct  the  original  image  of  the  object,  the  phase  information  must  be  reconstructed. 

The  reconstruction  of  a  signal  from  the  knowledge  of  its  Fourier  transform  magnitude  remains  a  very 
difficult  problem  and  many  algorithms  have  been  developed  in  the  past  two  decades  to  solve  this  problem. 
Currently,  the  most  successful  and  practical  approach  in  solving  the  phase  retrieval  problem  are  the  iterative 
algorithms  that  seek  numerical  solutions  that  minimize  the  distance  between  the  measurement  and  its  estimate  rather 
than  finding  an  exact  solution.  These  algorithms  suffer  from  several  drawbacks  that  set  a  limit  to  the  size  and 
complexity  of  the  images  that  can  be  reconstructed.  A  major  disadvantage  of  the  iterative  algorithms  is  the 
stagnation  problem  where  the  algorithm  becomes  trapped  in  a  local  minimum.  The  second  problem  is  the  slow 
convergence  of  the  algorithm  and  the  third  is  its  computational  cost. 

In  this  program,  two  multiresolution  adaptations  of  a  basic  iterative  image  reconstruction  algorithm  were 
developed  that  enable  the  algorithm  to  avoid  stagnation,  improve  global  convergence  and  dramatically  reduce 
computational  complexity  [see  Appendices  7A  and  7B  and  reference  Rabadi,  1995]. 

The  first  of  these  approaches  is  based  on  Burt’s  pyramid  and  the  second  is  based  on  wavelet 
decomposition.  These  two  methods  have  the  following  advantages:  1)  they  provide  a  rough  and  quick  estimate  of 
the  solution  at  a  low  resolution  that  may  later  be  refined  as  the  algorithm  progresses.  This  coarse-to-fine  strategy 
enables  the  algorithm  to  avoid  stagnation  by  providing  a  better  initial  guess  and  giving  the  algorithm  a  higher 
likelihood  of  arriving  at  a  global  minimum,  2)  they  can  improve  the  convergence  rate  by  decomposing  the  search 
space  into  orthogonal  subspaces  that  can  reduce  the  low  frequency  component  of  the  error  responsible  for  the  slow 
convergence  of  the  algorithm  and,  3)  since  the  number  of  independent  variables  to  be  processed  at  each  coarser 
level  are  less  than  that  at  the  full  resolution  grid,  the  reduction  dramatically  reduces  the  computational  cost  of  the 
algorithm  and  ensures  a  faster  convergence  rate. 

The  computer  simulations  that  we  have  processed  indicate  that  the  multiresolution  approaches  developed 
here  are  not  only  capable  of  avoiding  stagnation  and  reducing  the  computational  complexity  of  the  iterative 
algorithm,  but  also  produce  reconstructions  that  are  superior  in  quality  to  the  single-grid  approaches  and  are  more 
robust  in  the  presence  of  noise.  The  multiresolution  methods  show  a  great  potential  for  future  research  to  develop 
new  algorithms  in  order  to  solve  different  image  reconstruction  and  signal  recovery  problems.  Some  possible 
approaches  to  achieve  better  performance  of  these  algorithms  are  discussed  in  the  conclusion  to  this  section. 
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7.2  Accomplishments 

7.2.1  Multiresolution  Error  Reduction  (MRER)  Approach  to  Image  Reconstruction 

Iterative  reconstruction  techniques  are  currently  the  most  effective  approaches  in  solving  a  number  of 
difficult  signal  reconstruction  and  recovery  problems,  and  all  of  these  algorithms  suffer  from  stagnation,  slow 
convergence  rate  and  computational  complexity  that  limits  their  use  in  future  practical  applications. 

We  developed  a  new  multiresolution  adaptation  of  the  Error-Reduction  algorithm  that  attempts  to  solve  the 
above  problems  (i.e.,  stagnation,  slow  convergence  and  computational  complexity)  by  employing  the  concept  of 
pyramids  [Burt,  1983,  Rosenfeld,  1984].  This  method  is  based  on  decomposing  the  problem  of  image  reconstruction 
onto  different  resolutions.  By  using  the  solution  obtained  from  the  iterative  algorithm  at  a  lower  resolution  as  an 
initial  guess  for  the  next  finer  level,  then,  following  a  coarse-to-fine  strategy,  this  approach  will  enable  the  iterative 
algorithm  to  escape  local  minima  by  providing  a  better  initial  phase  estimate  while  dramatically  reducing  the 
computational  cost.  The  concept  of  pyramid  decomposition  will  be  introduced,  followed  by  a  detailed  description 
of  the  algorithm.  Finally,  we  will  compare  the  performance  of  the  developed  algorithm  with  well-known  iterative 
techniques  and  demonstrate  the  effectiveness  of  the  algorithm  in  terms  of  convergence,  robustness  and 
computational  efficiency  as  applied  to  both  synthetic  and  real-world  images. 

Although  the  Error-Reduction  algorithm  [Gerchberg,  1972]  and  its  modification  by  Fienup  [Fienup,  1982] 
are  currently  the  most  effective  approaches  in  solving  the  phase  retrieval  problem,  we  have  shown  that  they  still 
suffer  from  stagnation.  This  problem  is  due  to  the  large  number  of  attraction  basins  that  cause  the  estimate  to  be 
trapped  into  a  local  minimum  when  the  initial  guess  is  not  close  enough  to  the  global  minimum.  It  has  been  shown 
[Nieto-Vesperinas,  1986]  that  the  number  of  local  minima  in  the  phase  retrieval  problem  increases  dramatically  with 
increasing  the  number  of  pixels  in  the  image.  Therefore,  as  the  size  of  the  image  increases,  it  becomes  difficult  to 
find  a  good  initial  point  that  is  close  to  the  global  minimum.  An  additional  limitation  of  the  iterative  algorithm  is  the 
intensive  computation  due  to  the  pair  of  2D  DFT’s  required  for  each  cycle  of  the  algorithm.  This  computational 
complexity  is  a  function  of  the  number  of  iterations  required,  as  well  as  the  number  of  pixels  in  the  image  to  be 
reconstructed. 

If  several  iterations  of  the  Error-Reduction  algorithm  are  performed  on  reduced  sizes  (lower  resolutions)  of 
the  image,  then  the  number  of  local  minima,  as  well  as  the  computations  required,  will  be  reduced.  This  indicates 
that  it  is  more  likely  to  find  a  good  initial  point  that  is  close  to  the  global  minimum  by  coarser  grid  iteration  rather 
than  a  finer  grid  where  a  smaller  number  of  independent  variables  is  processed.  Then,  by  locally  interpolating  the 
result  to  a  finer  grid  and  using  this  result  as  the  new  initial  estimate,  rapid  convergence  can  be  achieved.  Therefore, 
the  multiresolution  scheme  can  be  expected  to  speed  up  the  convergence  and  reduce  the  total  computational  cost  of 
the  algorithm  as  we  will  demonstrate. 

Pyramids,  in  general,  are  data  structures  that  provide  successively  condensed  representation  of  the  input 
information  [Rosenfeld,  1984].  What  is  condensed  may  be  simply  image  intensity,  so  that  the  successive  levels  of 
the  pyramid  are  reduced-resolution  versions  of  the  input  image.  However,  this  condensed  representation  also 
represents  a  smoothed  or  subsampled  version  of  any  information  structure  presented  at  the  input,  so  that  each  level 
of  the  pyramid  represents  a  reduced  entropy  of  the  input.  Pyramids  support  fast  coarse-fine  search  strategies  that  are 
robust,  compact  and  computationally  efficient.  This  structure  has  been  used  to  speed  up  different  types  of  image  and 
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low- vision  operations,  such  as  image  segmentation,  feature  extraction  and  motion  analysis  [Rosenfeld,  1984].  Here, 
we  will  examine  pyramids  in  the  context  of  image  reconstruction  from  three  different  perspectives,  speed  of 
convergence,  robustness  and  computational  efficiency. 

The  simplest  type  of  image  pyramid  is  constructed  by  repeatedly  averaging  the  image  intensities  in 
nonoverlapping  blocks  of  pixels.  Given  an  input  image  4  of  size  NxN,  where  applying  the  averaging  process 
yields  a  reduced  image  size  4  of  size  2^”^  x  2^'^ .  Applying  the  process  again  to  the  reduced  image  yields  a  still 
smaller  image  4  of  size  2^“^  x  2^"^  and  so  on  till  we  reach  4f-i  (called  the  apex  or  top  of  the  pyramid)  of  size  1x1 
which  represents  the  average  value  of  the  input  image.  If  we  imagine  these  images  stacked  on  top  of  one  another, 
they  constitute  an  exponentially  tapering  M-level  pyramid  of  images.  In  order  to  develop  a  multiresolution 
algorithm,  several  components  must  be  specified  [Rosenfeld,  1984]: 

1 .  The  number  of  levels  and  the  size  of  the  grid  at  each  level. 

2.  A  restriction  operation  that  maps  from  a  fine  level  to  a  coarser  grid. 

3.  A  prolongation  operation  that  maps  a  solution  at  a  coarse  level  to  a  finer  grid. 

4.  A  coordination  scheme  that  specifies  the  number  of  iterations  at  each  level  and  the  sequence  of 
prolongations  and  restrictions. 

In  this  work,  we  will  use  a  simple  version  of  the  restriction  and  prolongation  operations,  where  weighted 
averaging  is  used  for  restriction  and  linear  mterpolation  is  used  for  prolongation.  The  coordination  scheme  is  a 
simple  coarse-to-fine  algorithm,  where  the  prolongated  coarse  solution  is  used  as  a  starting  point  for  the  next  finer 
level. 


Let  4  be  the  original  image  at  the  bottom  of  an  Af-level  pyramid  ,and  let  4/.;  be  the  top  level  of 
then  for  0  <  /  <  Af,  we  can  define  the  restriction  operation  R  on  such  that, 

Ii=Rhi  (^-l) 

where  is  a  reduced-resolution  version  of  4;  .  In  our  case,  R  can  be  defined  as, 

4  4  1  <  I  <  M 


0<  ij<N/2' 


(7.2) 


where  the  weighting  function  w(m,n)  is  the  generating  kernel  (or  the  convolution  mask).  Since  the  number  of 
sampled  pixels  has  been  reduced  by  half  in  each  dimension,  this  kernel  plays  the  role  of  a  smoothing  process  (a  low- 
pass  filter  that  removes  from  the  input  spectrum  all  the  components  with  frequency  larger  than  half  the  sampling 
frequency)  to  ensure  meeting  the  Nyquist  rate  condition  and  avoid  non-appropriate  subsampling.  This  weighting 
function  w(m,n)  is  chosen  subject  to  four  constraints  [Rosenfeld,  1984]: 

1 .  Separability:  w(m,  n)  =  (m)  •  W2  (n)  . 

2.  Normalization: 

3.  Symmetry:  w(5  w{m,5  -  n) . 

1  1  I 

4.  Equal  contribution  to  the  next  level:  El  w{2i  +  m,2 7  +  «)  =  —  ,  (m,n)=},2  . 

t=o  y=o  4 
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Among  different  masks,  the  following  4x4  kernel  is  widely  used: 


AB 

AB 

B^~ 

AB 

A^ 

A^ 

■  AB 

AB 

A^ 

A^ 

AB 

(7.3) 

B^ 

AB 

AB 

B^ 

The  above  four  constraints  are  satisfied  if: 

1.  4X(^+5)'=1  =>  yi  +5  =  ±>/2, 

2.  Symmetry  is  automatically  satisfied, 

3.  \A\>\B\, 

4.  (A+Bf  =  'A  ^  A  +  B  =  ±y2, 

5.  w  =  {BAAB). 

Several  pairs  {A,B)  satisfy  this  set  of  conditions,  among  them  is  the  equal  contribution  without  overlapping 
kernel  for  which  (A,B)  =  (1/2,0), 


W  = 


0  0  0  0 
0  0.25  025  0 
0  0.25  0.25  0 
0  0  0  0 


(7.4) 


In  a  similar  manner,  we  define  a  prolongation  operation  P  on  such  that, 

I,  =  P  I,.i 

which,  in  our  case,  can  be  defined  as, 

4  4  ..  1  <  I  <  M 

m  =  l  n  =  l 


(7.5) 


(7.6) 


where  only  terms  for  which  (i+m-2)/2  and  (j+n-2)/2  are  integers  contribute  to  the  sum,  and  w(m,n)  is  the  generating 
kernel  given  in  Eq.(7.4)  above.  In  this  operation,  the  generating  kernel  will  filter  out  the  duplicated  part  of  the 
spectrum  that  resulted  from  down  sampling  and  project  the  rest  back  to  a  finer  grid. 

The  first  step  in  the  image  reconstruction  procedure  outlined  here  is  to  constmct  a  bottom-up  pyramid, 
where  each  level  represents  an  approximation  of  the  measured  Fourier  transform  magnitude  at  that  level.  But  since  a 
precise  measurement  for  the  Fourier  transform  modulus  at  all  the  pyramid  levels  (i.e.  \F^(u,v)\  ,  0<1<M)  is  not 
available,  an  estimate  of  these  measurements  is  sought.  An  approximation  of  the  Fourier  transform  magnitude  at 
coarse  grids  can  be  obtained  by  first  down  sampling  the  measured  autocorrelation  function  followed  by  Fourier 
transforming  the  subsampled  autocorrelation  and  taking  the  square-root  of  its  real  part.  Using  the  restriction 
operation  R  defined  by  Eq.  (2),  the  above  procedure  can  be  expressed  as, 


T 


]<  I  <  M 


(7.7) 


where  G/x,y)  =  G(x,y). 
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It  is  worthwhile  to  mention  at  this  point  that  the  approximation  of  the  Fourier  transform  magnitude  at 
different  resolutions  results  in  the  construction  of  a  Fourier  pyramid  where  each  level  represents  an  approximation 
of  the  Fourier  transform  magnitude  of  a  low-pass  version  of  the  image  to  he  reconstructed.  In  order  to  show  that  this 
is  indeed  the  case,  the  autocorrelation  function  of  the  ring  shape,  TJx,y),  was  subsampled  and  compared  with  the 
autocorrelation  of  the  subsampled  (low-pass)  version  of  the  ring-shape  image  at  different  levels  of  the  pyramid.  Fig. 
7.3  illustrates  this  comparison  and  it  is  clear  that  this  makes  a  good  approximation  of  the  autocorrelation  function  of 
a  low-pass  version  of  the  image  as  measured  by  the  normalized  root  mean-square  (NRMS)  error  defined  by 


(7.8) 


Here,  is  the  autocorrelation  function  of  a  subsampled  version  of  the  origmal  image  and  T is  the 

subsampled  autocorrelation  of  the  original  image.  The  values  of  the  NRMS  error  due  to  this  approximation  is  shown 
in  Table  7.1. 


TABLE  7. 1  NRMS  Errors  on  Reconstruction 


NRMS  Error 

Direct 

Approach 

Pyramid 

Approach 

Reconstruction  using  the  actual  autocorrelation 

0.40559 

0.19052 

Reconstruction  using  the  autocorrelation  estimated  from 

averaging  1000  speckle  realizations 

0.45025 

0.32803 

Reconstruction  using  the  autocorrelation  estimated  from 

averaging  100  speckle  realizations 

0.48256 

0.40611 

After  forming  the  Fourier  pyramid,  the  reconstruction  procedure  proceeds  from  the  pyramid  top  to  the 
bottom  by  performing  several  cycles  of  the  basic  Error-Reduction  algorithm  on  the  lowest-resolution  level  (I-M-1) 
until  the  number  of  iterations  reaches  an  arbitrary  limit  that  depends  on  the  complexity  of  the  image.  The 
reconstructed  image  g  (ij)  is  then  transferred  to  the  next  level  of  the  pyramid  {l=M-2)  with  double  the  resolution 

by  applying  the  interpolation  process  P  defined  by  Eq.(7.6),  that  is, 

The  same  basic  iterative  procedure  is  performed  on  the  new  pyramid  level  using  the  last  image  estimate  computed 
from  the  previous  level  as  the  new  initial  guess  for  the  algorithm.  This  process  is  repeated  following  a  coarse-to-fine 
strategy,  xmtil  level  zero  of  the  pyramid  is  reached,  where  the  image  is  now  reconstructed  at  the  original  resolution. 
The  above  procedure  is  described  by  the  following  steps: 

Step  1 : 

Construct  the  Fourier  pyramid  as  given  by  Eq.(7.7). 
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Step  2: 

Start  at  the  highest  level  of  the  pyramid  desired  using  an  initial  random  guess  of  size  2'^Nx2'^N 

as  a  starting  point 
Step  3: 

Perform  k  number  of  iterations  of  the  error  reduction  algorithm,  where  K  is  the  total  number  of  iterations 
to  be  performed,  using  the  approximated  Fourier  transform  magnitude  at  this  level(  i.e.  |Ffw,v^|)  as  the 

Fourier  domain  constraint,  while  reducing  the  object’s  support  to  constraint  to  2'^Dj- 

Step  4: 

Interpolate  the  reconstructed  image  gl^x,y)  to  obtain  ^(x,y)  using  Eq.(7.6),  and  use  it  as  the  new  initial 


guess. 

Step  5: 

Go  to  the  next  finer  level :  1  =  1-1. 

Step  6: 

If  /  <  stop,  otherwise  go  to  Step  3. 

The  number  of  levels  of  the  pyramid  M  for  an  image  of  size  NxN  is  typically  chosen  to  be  equal  to  log^  N. 

In  addition,  the  coordination  scheme  is  chosen  such  that  an  equal  number  of  iterations,  k=K/M,  is  performed  at  each 
level  of  the  p3a:amid,  where  K  is  the  total  number  of  iterations  performed  throughout  the  reconstruction  procedure. 

The  most  obvious  advantage  of  the  pyramid  representation  is  that  it  provides  a  means  of  reducing  the 
computational  cost  of  the  iterative  algorithm  by  using  a  divide-and-conquer  principle.  To  investigate  the  reduction 
in  overall  computational  cost  that  results  from  using  the  multiresolution  approach,  we  calculate  the  number  of  real 
additions  and  multiplications  (due  only  to  the  pair  of  2D  DFT’s  since  the  imposition  of  constraints  involves  far  less 
computations)  required  to  perform  K  iterations  of  the  error  reduction  algorithm  on  an  NxN  image.  If  the  ID  FFT  is 
used  to  compute  the  2D  DFT  in  a  row-column  decomposition,  then  the  evaluation  of  each  2D  DFT  requires 
SN'log^xtdl  multiplication’s  and  12N'logJ^it2\  additions  [Dudgeon,  1984],  a  total  of: 

20  KN  "log^N  (7.10) 


algebraic  operations  for  K  iterations  of  the  algorithm.  When  performing  the  same  number  of  iterations  on  an  M- 
level  pyramid  (where  k=K/M  number  of  iterations  is  performed  at  each  level),  the  total  number  of  algebraic 
operations  reduces  to  : 


20  ^  K 
M  /=o 


N 

2  '  J 


(7.11) 


This  indicates  that  a  considerable  reduction  on  the  computation  is  achieved  by  this  decomposition  of  the  problem. 

In  the  experiments  that  we  performed,  the  pyramid  approach  produced  reconstructions  that  are  superior  in 
quality  (as  measured  by  the  residual  error)  to  the  direct  iterative  method.  To  illustrate  the  procedure  of  the 
multiresolution  pyramid  approach,  a  synthetic  image  of  a  ring-shape  shown  in  Figure  7.1(a)  was  used.  Figure  7.1(b) 
shows  the  reconstmcted  image  after  100  iterations  of  the  error-reduction  algorithm  on  a  single  grid  (i.e.  direct 
approach),  where  the  actual  (noiseless)  autocorrelation  function  was  used  to  obtain  the  Fourier  transform  magnitude 
of  the  ring-shape  image. 


7-6 


Figure  7.1:  Example  of  image  reconstruction  from  the  actual  autocorrelation  function  (the  direct  approach):  (a) 
Original  image  (128x128)  of  the  ring-shape  object,  and  (b)  Image  reconstructed  after  100  iterations  of  the  Error- 
Reduction  algorithm  on  a  single  grid. 


(c)  (d) 

Figure  7.2:  Example  of  image  reconstruction  from  the  actual  autocorrelation  function  (the  multiresolution 
approach):  (a)  Image  reconstmcted  after  25  iterations  on  level-3  (16x16),  (b)  Image  reconstructed  after  25  iterations 
on  level-2  (32x32,  (c)  Image  reconstructed  after  25  iterations  on  level-1  (64x64),  (d)  Image  reconstructed  after  25 
iterations  on  level-0  (128x128). 

Figure  7.2  shows  a  4-level  Fourier  pyramid  constructed  as  described  by  Eq.(7.7),  where  each  level  of  the 
pyramid  represents  an  approximation  of  the  Fourier  transform  magnitude  at  different  resolution  (128x128,  64  x64, 
32x32, ...  etc.).  Again,  the  actual  (noiseless)  autocorrelation  function  of  the  ring-shape  image  was  used  to  obtain  the 
Fourier  transform  magnitude,  each  level  of  the  4-level  pyramid  by  performing  25  iterations  of  the  error  reduction 
algorithm  at  each  level  (a  total  of  100  iterations),  where  Figure  7.3(a)  shows  the  16x16  pixel  images  reconstructed 


at  level  3  of  the  pyramid  after  25  iterations  of  the  error  reduction  algorithm.  By  interpolating  this  image  as  given  by 
Eq.(7.6),  a  new  image  with  32x32  pixel  resolution  can  be  obtained.  This  new  image  can  now  be  used  as  the  initial 
guess  for  tbe  error  reduction  algorithm.  Figure  7.3(b)  shows  the  reconstructed  image  at  level  2  of  the  pyramid  after 
25  iterations  of  the  eixor  reduction  algorithm.  The  same  procedure  is  repeated  again  to  obtain  the  reconstructed 
image  shown  in  Figure  7.3(c).  Figure  7.3(d)  shows  the  image  reconstructed  at  the  original  resolution,  i.e.,  level 
zero  of  the  pyramid. 


(e)  (f) 


Figure  7.3:  Example  of  image  reconstruction  from  the  noisy  estimate  of  the  auto-correlation  function  obtained  from 
1000  speckle  pattens  (the  direct  approach  vs.  the  multiresolution  approach):  (a)  Original  image  of  the  ring-shape 
object,  (b)  Image  reconstructed  after  100  iterations  of  the  direct  Error-Reduction,  (c)  Image  reconstructed  after  25 
iterations  on  level-3  (16x16),  (d)  Image  reconstructed  after  25  iterations  on  level-2  (32x32),  (e)  Image  reconstructed 
after  25  iterations  on  level-1  (64x64),  (f)  Image  reconstructed  after  25  iterations  on  level-0  (128x128). 
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To  investigate  the  performance  of  the  proposed  approach  in  the  presence  of  noise,  we  repeated  the  above 
procedure  using  a  noisy  estimate  of  the  autocorrelation.  Figure  7.4(a)  shows  the  ring-shape  test  image.  Figure  7.4(b) 
shows  the  reconstructed  image  after  100  iterations  of  the  error  reduction  algorithm  on  a  single  grid,  where  an 
estimate  of  the  autocorrelation  function  obtained  from  averaging  1000  speckle  realizations  was  used  to  obtain  the 
magnitude  of  the  Fourier  transform  of  the  image.  Figure  7.4(c),  7.4(d)  7,4(e)  and  7.4(f)  show  the  reconstruction  at 
each  level  of  the  4-level  pyramid  by  performing  25  iterations  of  the  error  reduction  algorithm  at  each  level  (a  total 
of  100  iterations). 


(e)  (f) 


Figure  7.4:  Example  of  image  reconstruction  from  the  noisy  estimate  of  the  autocorrelation  function  obtained  from 
100  speckle  patterns  (the  direct  approach  vs.  the  multiresolution  approach):  (a)  Original  image  of  the  ring-shape 
object.,  (b)  Image  reconstructed  after  100  iterations  of  the  Error-Reduction  algorithm  on  a  single  grid  (the  direct 
approach),  (c)  Image  reconstructed  after  25  iterations  on  level-3  (16xl6),(d)  Image  reconstructed  after  25  iterations 
on  level-2  (32x32),  (e)  Image  reconstructed  after  25  iterations  on  level-1  (64x64),  (f)  Image  reconstructed  after  25 
iterations  on  level-zero  (128x128). 


We  repeated  the  same  procedure  using  the  same  ring-shape  image,  where  a  noisier  estimate  of  the 
autocorrelation  function  was  obtained  from  averaging  100  speckle  realizations,  was  used  to  obtain  the  Fourier 
transform  modulus.  Figure  7.5(a)  shows  die  original  image,  and  Figure  7.5(b)  shows  the  reconstructed  image  after 
100  iterations  of  the  error  reduction  algorithm  performed  at  a  single  grid.  The  results  of  the  multiresolution 
approach  at  different  levels  of  the  pyramid  using  the  same  autocorrelation  function  estimate  (from  100  speckle 
realizations)  are  shown  in  Figs.  7.5(c),  (d),  (e)  and  (f). 


(e)  (f) 


Figure  7.5:  Example  of  image  reconstruction  on  5-level  pyramid  (the  multiresolution  approach):  (a)  Image 
reconstructed  after  200  iterations  on  level-4  (16x16);  (b)  Image  reconstructed  after  200  iterations  on  level- 
3(32x32);  (c)  Image  reconstructed  after  200  iterations  on  level-2  (64x64);  (d)  Image  reconstructed  after  200 
iterations  on  level-1  (128x128);  (e)  Image  reconstructed  after  200  iterations  on  level-0  (256x256);  and  (f)  Original 
Image. 
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We  compare  the  quality  of  the  reconstructions  obtained  by  using  the  multiresolution  approach  with  that 
using  the  direct  approach  from  both  the  noiseless  and  noisy  autocorrelation  function.  Table  7.1  shows  the  numerical 
values  of  the  NRMS  error  of  these  reconstructions,  which  in  this  case  defined  as 


(7.12) 


U  V 


It  is  clear  from  these  results  that  the  proposed  approach  produced  reconstructions  that  are  superior  to  the 
direct  error-reduction  approach  from  both  noiseless  and  noisy  measurements  of  the  autocorrelation  function.  This 
indicates  that  the  multiresolution  approach  is  more  robust  in  the  presence  of  noise. 


A  more  complex  image  (Saturn)  of  size  256x256  shown  in  Figure  7.6(a)  is  used  to  evaluate  the 
performance  of  the  multiresolution  approach.  The  image  reconstructed  after  800  iterations  of  the  Error-Reduction 
algorithm  on  a  single  grid  is  shown  in  Figure  7.6(b). 


(a)  Original  image  of  Saturn.  (b)  Image  reconstructed  after 

800  iterations  of  the  original 
ER  algorithm 

Figure  7.6:  Original  image  Vs.  reconstructed  image  using  the  Error-Reduction  algorithm. 


7.2.2  Wavelet  Decomposition  Approach  to  Image  Reconstruction 

Wavelet  decomposition  is  an  alternative  approach  to  multiresolution  pyramids  that  is  able  to  decompose 
the  space  into  orthogonal  subspaces  and  provide  a  clear  model  of  signal  decomposition  is  the  wavelet 

representation.  Wavelets  and  the  multiresolution  decomposition  of  Mallat  [Daubechies,  1988,  Mallat,  1989]  can 
provide  a  very  efficient  framework  in  solving  many  problems  such  as  image  compression  [Mallat,  1989],  image 
restoration  [Donoho,  1992],  partial  differential  equations  [Amaratunga,  1993]  and  fast  numerical  techniques 
[Beylkin,  1991]. 

As  previously  discussed,  the  existing  iterative  algorithms  are  currently  the  most  effective  approach  in 
solving  the  image  reconstruction  problem.  However,  for  reasonably  large  images,  solving  this  problem  at  the 
original  resolution  is  a  very  difficult  task  due  to  stagnation  and  computational  complexity.  As  in  many  engineering 
problems,  we  often  require  a  quick  rough  estimate  of  the  solution  at  preliminary  stage,  which  may  later  be  refined  as 
the  design  or  investigation  progresses.  Wavelets  have  the  capability  of  providing  a  multilevel  description  of  the 
solution.  The  multiresolution  property  of  wavelets,  along  with  their  orthogonality  and  localization  properties,  means 
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that  we  may  obtain  an  initial  coarse  description  of  the  solution  with  little  computational  effort  and  then  successively 
refine  the  solution  with  a  minimum  of  extra  effort.  This  philosophy  can  be  used  in  our  case  to  decompose  the  image 
reconstruction  problem  into  different  resolutions,  where  solving  the  problem  at  a  coarse  resolution  will  provide  us 
with  a  rough  approximation  of  solution  that  can  be  used  as  an  initial  guess  for  the  next  higher  resolution. 

We  have  adapted  a  wavelet  decomposition  algorithm  that  is  more  efficient,  has  a  faster  convergence  rate,  is 
more  robust  in  the  presence  of  noise  and  requires  far  less  computations  than  the  existing  algorithms  currently  used 
to  solve  the  phase  retrieval  and  image  reconstruction  problem. 

In  the  phase  retrieval  problem  we  need  to  reconstruct  an  image  (spatial  domain  information)  given  a 
measurement  of  the  Fourier  transform  magnitude  of  that  image  (partial  spectral  information).  Hence,  we  need  to 
obtain  a  clear  representation  of  the  wavelet  decomposition  in  the  frequency  domain  which,  in  turn,  will  give  us  a 
vital  interpretation  of  how  the  frequency  spectrum  of  a  signal  is  divided  between  different  subspaces.  Thus,  it  is 
important  to  study  the  wavelet  decomposition  in  the  frequency  domain. 

Let  be  the  operator  that  approximates  a  signal  f(x)  at  resolution  m.  This  operator  is: 

1 .  A  linear  operator,  defined  as 


=  ^  '”«-«))(p(2  '"x-n)  (7.13) 

n=-oo 

The  approximation  KJ(x)  of  the  signal  f(x)  at  the  resolution  m,  is  thus  characterized  by  the  set  of 
inner  products  which  is  denoted  by 

=  (7.14) 

Xjf  is  called  a  discrete  approximation  of f(x)  at  the  resolution  m. 

2.  A  projection  operator  on  a  particular  vector  space  V^.  That  is: 


(7.15) 

where /"^(x)  g  V„. 

3.  Among  all  the  approximated  functions  of f(x),f'”(x)  =  A„f(x)  is  the  function  which  is  the  best  similar 
tof(x),  i.e. 

Vg(x)€F,,  \g{x)-f{x)l>\A,fix)-f(x)\  (7.16) 


Hence,  the  operator  is  an  orthogonal  projection  on  the  vector  space  V„. 

4.  The  approximation  AJ‘(x)  is  not  modified  if  we  approximate  it  a  gain  at  the  resolution  m.  That  is, 


/  '”(^)  (7.17) 

We  will  show  now  that  this  operator  can  be  interpreted  as  a  convolution  with  a  low-pass  filter  followed  by 
decimation. 

Let  f(x)  be  a  signal  with  finite  support  and  finite  resolution  (most  signals  satisfy  these  conditions),  and  let 
f(x)  e  for  some  integer  w.  Without  loss  of  generality,  we  can  set  w==0  and/(3c^  e  .  Hence 

f  {x)  =  f\x)  ^  A^f  {x)  (7.18) 
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We  can  compute  the  discrete  approximation  of f(x)  at  any  resolution  m  by 

=  ={/(«).<?„(»)) 

00 

From  the  dilation  equation,  9  (^)  =  ^  ^'9  (2^-2)  we  know  that 

n=-<x> 


(7.19) 


00 

k  =  -<X> 

By  taking  the  inner  product  of  f  and  we  obtain 

f  CO  ^ 


=  -00 


(7.20) 


(7.21) 


rearranging  the  terms 

00 

(/.9  „.*(«))  (7-22) 

k  =  -CO 

We  can  compute  the  next  step  of  the  approximation  using 

/"•'(«)  =  (/,<p,.,,.)=  Yh(,2n-k)f-{n)  (7.23) 

it  =  -O0 

where  A  is  a  mirror  filter  (i.e.  h  {n)  =  h{-n)  )  of  an  FIR  filter  h(n.  (7.23)  above  shows  that  the  approximation 


of  a  signal  at  resolution  tm+I  can  be  obtained  by  convolving  the  approximation  /  at  resolution  m  with  a  low-pass 
FIR  filter  and  keeping  every  other  sample  of  the  output.  All  the  discrete  approximations  of for  m  >  0  off(x)  can 

thus  be  computed  from  by  repeating  this  process  of  convolution  followed  by  decimation.  In  the  same  manner, 
one  can  show  that  the  detailed  signal  (T  at  each  resolution  m  can  be  captured  by  applying  the  operator  to  the 
signal 

S„(«)  =  Difix)  =  Y  r(2«  -  k)h„in)  (7.24) 

k 

where  g{n)  is  the  mirror  filter  (i.e.  g{n)  =  g{-n)  )  of  g(n)  defined  the  Daubechies  dilation  equation 
(Daubechies,  1992). 

To  illustrate  this  procedure.  Figure  7.7  shows  discrete  approximations  of  the  ring  shaped  object  at  four 
resolutions.  These  results  have  been  computed  with  the  algorithm  previously  described.  Notice  that  the  number  of 

points  at  each  approximation  m  is  equal  to  2  A  points. 

To  illustrate  what  happens  in  the  frequency  domain  when  we  decompose  the  signal  into  different 

resolutions,  lets  take  the  Fourier  transform  of  the  approximated  signal  /  at  a  certain  resolution  m  given  by 
Eq.(7.23) 

^  =  Z  E  -  k)f"'in)e--^‘”^  (7.25) 

n  n  k 
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n  k 

(7.26) 

n  k 

(7.27) 

(7.28) 

The  final  result  given  by  Eq.(7.28)  indicates  that  the  approximation  at  resolution  w+1  is  a  low-pass  version 
of  the  approximation  at  resolution  m. 


(a) 


(c) 


(d) 


Figure  7.7:  The  Fourier  Pyramid  of  the  ring-shape  object:  (a)  Level-3  of  16x16  pixels  resolution;  (b)  Level-2  of 
32x32  pixels  resolution;  (c)  Level-1  of  64x64  pixels  resolution;  and  (d)  Level-0  of  128x128  pixels  resolution. 
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Wavelets  and  the  multiresolution  decomposition  can  provide  a  very  efficient  framework  in  solving  the 
image  reconstruction  problem  stated  before.  We  have  seen  previously  that  the  iterative  algorithm  is  currently  the 
most  effective  approach  in  solving  the  image  reconstruction  problem.  However,  for  reasonably  large  images, 
solving  this  problem  at  the  original  resolution  is  a  very  difficult  task  due  to  stagnation  and  computational 
complexity.  As  in  many  engineering  problems,  we  often  require  a  quick  rough  estimate  of  the  solution  at 
preliminary  stage,  which  may  later  be  refined  as  the  design  or  investigation  progresses.  As  shown,  wavelets  have  the 
capability  of  providing  a  multilevel  description  of  the  solution.  The  multiresolution  property  of  wavelets,  along  with 
their  orthogonality  and  localization  properties,  means  that  we  may  obtain  an  initial  coarse  description  of  the  solution 
with  little  computational  effort  and  then  successively  refine  the  solution  with  a  minimum  of  extra  effort.  This 
philosophy  can  be  used  in  our  case  to  decompose  the  image  reconstruction  problem  into  different  resolutions,  where 
solving  the  problem  at  a  coarse  resolution  will  provide  us  with  a  rough  approximation  of  solution  that  can  be  used  as 
an  initial  guess  for  the  next  higher  resolution.  The  Error-Reduction  algorithm  described  before  will  be  used  to 
furnish  a  solution  at  each  resolution. 

The  original  Error-Reduction  (ER)  algorithm  introduced  by  Gerchberg  and  Saxton  [Gerchberg,  1972, 
Saxton,  1978]  is  described  in  the  literature.  Here  we  will  develop  a  multiresolution  adaptation  of  this  algorithm  and 
show  that  this  algorithm  provides  reconstructions  that  are  superior  in  quality  to  the  original  algorithm  and  more 
efficient  in  terms  of  the  number  of  computations  required. 

Let  \F(u,v)\  be  the  magnitude  of  the  Fourier  transform  of  the  unknown  image  f(x,y)  €  £'(R^)- 
Furthermore,  \tXf(x,y)  e  V„  for  some  m  e  Z.  Without  loss  of  generality  we  can  assume  ihztf(x,y)  e  V^.  The  goal  is 
to  obtain  a  coarse  approximation/"”  (m  >  1)  of  f(x,y).  Once  the  approximation  /"”  is  obtained,  it  can  be  used 

as  an  initial  estimate  for  the  Error-Reduction  algorithm  to  obtain  a  new  finer  approximation/  e  V^_j  of f(xj). 
This  procedure  is  repeated  until  m=0,  where  the  image  is  reconstructed  at  the  original  resolution. 

In  order  to  reconstruct/"”  we  need  to  use  the  Fourier  transform  magnitude  at  the  resolution.  However, 
since  a  precise  measurement  for  the  Fourier  transform  modulus  at  all  resolutions,  i.e.,  \F'” (u,v)\  ,  0<m<M)  is  not 
available,  an  estimate  of  these  measurements  is  sought.  An  estimate  can  be  obtained  by  first  down  sampling  the 
measured  autocorrelation  function  of  the  image  followed  by  Fourier  transforming  the  subsampled  autocorrelation 
and  taking  the  square-root  of  its  real  part.  This  can  provide  a  good  approximation  of  the  Fourier  modulus  at  that 

m 

resolution;  however,  the  coarser  the  approximation  is  (i.e.  the  larger  m  is),  the  less  accurate  the  estimate  \F  (u,v)\ 
will  be.  This  problem  can  be  easily  solved  using  wavelets.  Since  as  we  have  shown  that  any  coarse  approximation  / 

of  f(x,y)  can  be  obtained  by  applying  the  discrete  approximation  operator  to  f(x,y)  which  is  equivalent  to  a 
convolution  with  an  FIR  filter  followed  by  decimation  (see  Eq.(5.33)  ).  In  the  frequency  domain,  we  have  shown 
that  this  operation  results  in  decomposing  the  frequency  domain  into  different  subbands,  that  is 

where  H(z,n)  is  an  FIR  filter.  Therefore,  given  \F^(u,v)\  one  can  easily  obtain  \f' (u,v)\  by 


(7.29) 


and  hence,  we  can  obtain  any  \f” (u,v)\  for  m  >  0,  and  no  approximation  is  required. 

The  approximate  e  can  be  obtained  by  performing  several  cycles  of  the  basic  Error-Reduction 
algorithm  on  this  resolution  until  the  number  of  iterations  reaches  an  arbitrary  limit  that  depends  on  the  complexity 
of  the  image.  The  reconstructed  image/"”  is  then  expanded  by  a  factor  of  two  to  produce/"”.  The  expanding 

e 

operation  (denoted  as  A  „)  is  performed  with  a  classical  interpolation  procedure.  We  put  a  zero  between  each 

sample  of  /"”  and  filter  the  resulting  image  with  a  low-pass  filter.  In  our  case,  the  low-pass  filter  used  is  the  FIR 
low-pass  filter  H  defined  previously.  By  applying  the  expanding  operator  to  the  reconstructed  image,  we  obtain 

//  =  ^  .V  (7.31) 

where  becomes  the  initial  guess  used  to  reconstruct  the  image  at  a  higher  resolution  .  Starting  with  this  new 

initial  guess  and  the  Fourier  modulus  at  this  resolution  |F"”  \u,v)\,  the  same  basic  iterative  procedure  is  performed 
on  the  new  resolution  level  m-1. 

This  process  is  repeated  following  a  coarse-to-fine  strategy,  until  resolution  level  m=0  is  reached,  where 
the  image  is  now  reconstructed  at  the  original  resolution.  The  above  procedure  is  described  by  the  following  steps: 

Step  1: 

Starting  with  an  FIR  filter  coefficients  h,  derive  the  scaling  function  j  numerically. 

Step  2: 

Starting  with  the  |F|=iF|,  compute  the  Fourier  modula  at  all  required  resolutions  :  |F^|  0  <m  <  Musing 
Eq.(7.30) 

Step  3: 

Set  m=M,  where  Mis  maximum  number  of  resolution  levels  desired. 

Step  4: 

Construct  a  random  image/""  of  size  2  x2 

Step  5: 

Perform  k  iterations  of  the  iterative  algorithm  starting  with/"”  as  an  initial  guess  for  the  algorithm. 

Step  6: 

Expand  the  resulting  image  from  step  5  above  using  Eq.(7.3 1)  to  obtain  f^. 

Step  7: 

Initialize  ://■'  =  //. 

Step  8: 

Set  m  —  m-1. 

Step  9: 

If  >  0  Goto  step  5,  otherwise  stop, 
where  the  FIR  filter  coefficients  h  used  here  is  Daub4. 

The  iterative  algorithm  used  in  step  5  can  be  either  of  the  well-known  Error-Reduction  or  input- output 
iterative  algorithms.  The  object-domain  constraints  are  typically  the  non-negativity  of  the  object  and  its  spatial 
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support.  The  spatial  support  of  the  object,  S/x.y),  is  typically  obtained  from  the  support  of  the  object’s 
autocorrelation  function.  Since  the  support  of  a  2D  object  cannot,  in  general,  be  determined  umquely  from  the 
support  of  its  autocorrelation,  we  estimated  the  support  of  the  object  to  be  the  smallest  circle  Cj(x,y)  with  a  diameter 
Dy  such  that  Sj{x^y)  C  Cj  {x,y)  >  where  is  half  the  diameter  of  the  object’s  autocorrelation  function  .  At 

each  resolution  level,  we  estimated  the  spatial  support  by  a  circle  with  diameter  equal  to  2  where  m  is  the 
resolution  level. 

In  this  case  however,  we  are  able  to  obtain  a  the  spatial  support  of  the  object  from  the  reconstructed  image 
at  the  lowest  resolution  by  a  simple  thresholding  procedure,  which  provides  a  tighter  spatial  support  that 
improves  the  performance  of  the  algorithm.  This  will  be  shown  via  an  example  in  the  following  section. 

The  computational  requirement  for  this  algorithm  is  comparable  with  that  of  the  pyramid  approach.  Since 
the  main  contributor  for  the  computational  cost  of  the  existing  iterative  algorithms  is  the  pair  of  2D  DFTs  require  to 
alternatively  transfer  the  data  from  one  domain  to  the  other,  we  calculate  the  number  of  real  additions  and 
multiplications  required  by  K  ntimber  of  cycles  of  the  Error-Reduction  algorithm.  If  the  2D  DFT  was  computed 
using  the  ID  FFT  in  a  row-column  decomposition,  then  the  number  of  real  additions  and  multiplications  required 
for  a  single  cycle  of  the  Error-Reduction  algorithm  operating  on  an  AxTV'  image  is  equal  to  2xA^-xlog2A^,  and  hence 
for  K  number  of  iterations  the  total  number  of  algebraic  operations  required  will  be  equal  to: 

20xi^xA/2  pj 

If  the  number  of  pixels  in  the  original  image /  is  equal  to  NxN,  then  the  approximation  of  the  image  at  each 
resolution  level  A'^^/will  have  x  (for  m>0).  If  we  assume  that  we  started  the  algorithm  at  the  lowest 
resolution  m-M,  then  the  number  of  algebraic  operations  required  for  the  same  number  of  the  Error-Reduction 
algorithm  (due  only  to  the  pair  of  2D  DFT  since  the  imposition  of  constraints  requires  far  less  computation)  will  be 
equal  to: 


\0-K-N^ 

M 


2;  2-'"log,(2-'”V) 

m~0 


assuming  that  the  same  number  of  iterations  was  perform  at  each  resolution  level.  This  shows  that  the 
multiresolution  approach  can  dramatically  reduce  the  computational  cost  of  the  existing  techniques. 

To  illustrate  the  performance  of  the  wavelet  approach  described,  we  used  an  image  (Planet  Saturn)  of  size 
128x128  shown  in  Figure  7.8(a).  The  image  reconstructed  after  800  iterations  of  the  original  Error-Reduction 
algorithm  is  shown  in  Figure  7.8(b). 

Figure  7.9  shows  the  spectrum  decomposition  of  the  Fourier  magnitude  obtained  by  Eq.(7.30),  where  the 
number  of  decomposition  stages  Af  was  set  equal  to  3.  Notice  that  at  each  resolution  this  decomposition  divides  the 
magnitude  spectrum  of  the  image  into  different  frequency  subbands.  At  the  lowest  resolution,  only  the  low- 
frequency  components  are  maintained  while  higher  frequencies  are  attenuated.  At  each  higher  resolution,  more 
higher  frequency  components  are  added,  where  at  the  original  resolution  the  magnitude  spectrum  contains  all  the 
frequency  components  of  the  image. 

Starting  at  the  lowest  resolution  level  (Af=3),  Figure  7.10(a)  shows  the  reconstructed  image/  obtained 
after  performing  200  iterations  of  the  Error-Reduction  algorithm.  At  this  stage,  a  circle  with  radius  equal  to  2  Z/ 
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shown  in  Figure  7.10(b)  was  used  as  an  estimate  of  the  spatial  support  of  the  image,  where  is  half  the  diameter  of 
the  object’s  autocorrelation  function  Dq  .  Using  this  image  and  a  simple  thresholding  procedure  we  obtained  a 
tighter  spatial  support  shown  in  Figure  7.10(c ), 

Expanding  the  reconstructed  image  and  using  it  as  the  new  initial  guess  for  the  iterative  algorithm  along 
with  the  new  spatial  support,  we  can  obtain  a  new  image  at  a  higher  resolution.  This  procedure  is  repeated  for  all 
resolution  level  till  we  reach  the  resolution  w=0,  where  the  image  is  reconstructed  at  the  original  resolution.  Figure 
7.9  shows  the  reconstructed  images  at  four  consecutive  resolutions.  In  order  to  visually  illustrate  the  superior 
quality  of  the  image  reconstructed  using  the  multiresolution  approach,  Figure  7.11  shows  the  original  image,  the 
image  reconstructed  after  800  iterations  of  the  original  ER  algorithm,  and  the  image  reconstructed  using  the 
multiresolution  approach  for  which  200  iterations  were  performed  at  each  of  the  four  resolutions. 

By  examining  the  reconstruction  procedure  illustrated  by  Figure  7.11,  one  can  see  that  at  the  lowest 
resolution,  only  the  image  features  associated  with  low  frequency  components  are  reconstructed,  and  therefore  the 
image  appears  to  be  very  blurred.  As  the  reconstruction  procedure  progresses,  more  high  frequency  components  are 
reconstructed  and  more  detailed  features  of  the  image  start  to  appear. 


(a)  Original  image  of  Planet 
Saturn. 


(b)  Image  reconstmcted  after  800 
iterations  of  the  original  ER 
algorithm 


Figure  7.8:  Original  image  vs.  reconstructed  image  using  the  Error-Reduction  algorithm. 
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(a)  Image  reconstructed  at  the 
lowest  resolution  (m=3)  after 
200  iterations  of  the  Error- 
Reduction  algorithm. 


(c)  Image  reconstructed  at  the 
1st  resolution  level  (m=l) 
after  200  iterations  of  the 
Error-Reduction  algorithm. 


(b)  Image  reconstructed  at  the 
2nd  resolution  level  (m=2) 
after  200  iterations  of  the 
Error-Reduction  algorithm. 


(d)  Image  reconstructed  at  the 
original  resolution  (m=0) 
after  200  iterations  of  the 
Error-Reduction  algorithm 


Figure  7.9:  Multiresolution  Reconstruction  Procedure. 


(a)  Image  reconstructed  at  the  (b)  Initial  spatial  support  used, 

lowest  resolution 


(c)  Tighter  support  obtained  from 
the  image  reconstructed  at  the 
lowest  resolution  shown  in  (a). 


Figure  7.10:  Reconstruction  of  Saturn  image  (a)  using  circle  (b)  for  support. 
Tighter  support  (c  )  developed  from  initial  reconstmction  (a)  and  circle  (b). 
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(a)  Original  image 


(b)  Image  reconstructed  using  (c)  Image  reconstructed  using 
the  original  ER  algorithm  the  Wavelet  approach 

Figure  7.11:  Reconstruction  of  Saturn  image  (a)  with  direct  ER  approach 
(b)  vs.  the  wavelet  approach  (c). 

7.3  Conclusions 

We  have  presented  two  new  approaches  to  solve  the  problem  of  image  reconstruction  from  the  magnitude 
of  its  Fourier  transform,  or  what  is  called,  the  phase  retrieval  problem,  namely:  the  pyramid  decomposition 
approach,  and  the  Multiresolution  Error-Reduction  (MRER)  approach.  We  have  shown  that  this  problem  has 
become  a  subject  of  extensive  interest  from  both  fundamental  and  practical  points  of  view.  This  problem  emerges  in 
many  different  disciplines,  one  of  which  is  a  new  and  growing  field  known  as  Unconventional  Imaging.  This 
technique  can  obtain  high  resolution  images  of  objects  at  very  long  ranges  without  the  use  of  large  diameter  optical 
elements  by  using  coherent  illumination. 

Among  all  the  phase  retrieval  algorithms  currently  used,  the  iterative  algorithms  remain  the  most  efficient 
and  practical  approach  in  solving  the  problem.  However,  all  these  algorithms  suffer  from  fundamental  drawbacks 
that  limits  their  use  in  future  practical  applications.  In  addition,  we  have  shown  that  the  Multiresolution  phase 
retrieval  algorithms  developed  from  this  research  have  shown  significant  advantages  over  their  single-grid 
counterparts.  Our  analysis  and  computer  simulation  have  revealed  that  the  pyramid  algorithm  and  the  wavelet 
decomposition  algorithm  proposed  here  not  only  can  overcome  the  stagnation  problem  of  the  existing  iterative 
algorithms,  but  also  provide  a  faster  convergence  rate  while  dramatically  reducing  the  computational  cost  of  the 
current  algorithms. 
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In  the  following,  we  will  summarize  the  major  disadvantages  of  the  current  iterative  techniques  and  the 
reasons  why  the  pyramid  decomposition  approach  and  the  Multiresolution  Error-Reduction  (MRER)  approaches 
developed  here  demonstrated  a  superior  performance,  faster  convergence  and  far  less  computations  : 

1.  The  stagnation  problem,  where  the  algorithm  becomes  trapped  in  a  local  minimum  and  failed  to  reach 
the  global  minimum,  is  the  fundamental  drawback  of  the  current  iterative  techniques.  This  is  a 
common  problem  in  most  nonlinear  optimization  techniques  since  the  global  convergence  theory  of 
these  optimization  procedures  is  based  on  the  assumption  that  the  initial  starting  point  is  close  to  the 
global  minimum.  Currently,  all  the  iterative  algorithms  employed  to  solve  the  image  reconstruction 
problem  lack  a  good  criterion  for  determining  where  to  start  the  iterative  procedure,  and  all  these 
algorithms  suggested  the  use  of  random  numbers  as  an  initial  guess  to  give  the  algorithm  an  unbiased 
start.  Clearly,  in  the  absence  of  a  good  criterion  to  obtain  a  good  starting  point  for  the  iterative 
procedure,  the  stagnation  problem  will  remain  a  fundamental  limitation  of  the  current  algorithms. 

When  the  problem  is  decomposed  into  different  resolution  levels,  however,  one  can  start  the  iterative 
procedure  by  performing  a  certain  number  of  iterations  at  the  lowest  resolution  level  desired.  This  will 
furnish  a  quick  rough  estimate  of  the  solution  that  can  be  used  later  as  starting  point  at  higher 
resolution.  Since  the  number  of  variables  at  a  coarse  level  are  much  less  than  that  at  the  original 
resolution  level,  then  the  number  of  local  mmimum  will  be  less  that  will  give  the  algorithm  a  higher 
likelihood  of  arriving  at  a  global  minimum  and  escape  local  minima  and  hence  avoid  stagnation. 

2.  Iterative  algorithms,  in  general,  have  a  very  slow  convergence  and  the  scheme  appears  to  stall.  There 
are  two  main  reasons  for  this  phenomenon  [Briggs,  1987],  first,  all  conventional  iterative  procedures 
has  rapid  decrease  in  the  error  during  the  early  iterations  due  to  the  efficiency  of  these  procedures  to 
eliminate  the  oscillatory  modes  (high  frequency  components)  of  the  error.  Once  the  oscillatory  modes 
have  been  removed,  the  iteration  is  much  less  effective  in  reducing  the  remaining  smooth  modes  (low 
frequency  components)  of  the  error.  Second,  since  most  iterative  algorithms  operate  on  the  fine-grid^ 
that  is  the  original  lattice  on  which  the  image  is  defined,  and  therefore,  the  variables  to  be  estimated,  in 
this  case  the  pixels  of  the  image,  are  not  sufficiently  decoupled. 

The  fact  that  the  smooth  modes  of  the  error  on  a  fine  grid  looks  less  smooth  on  a  coarse  grid  [Briggs, 
1987],  suggests  that  the  coarse  grid  relaxation  will  remove  the  low  frequency  components  of  the  error 
responsible  for  the  slow  convergence  of  the  iterative  procedure.  In  addition,  the  decomposition  of  the 
original  space  into  orthogonal  subspaces,  such  as  in  the  wavelet  case,  ensures  that  the  variables  at  each 
resolution  level  are  sufficiently  uncorrelated,  a  fact  that  has  been  shown  to  provide  a  faster 
convergence  of  the  iterative  algorithms  [Donoho,  1992]. 

3.  The  other  drawback  of  the  current  algorithms  is  their  high  computational  cost  due  to  the  pair  of  2D 
DFTs  performed  in  each  cycle  of  the  iteration.  This  computational  burden  is  a  function  of  the  number 
of  pixels  in  the  image  and  the  number  of  iterations  required  for  the  algorithm  to  converege  to  a 
solution.  However,  since,  in  a  coarse  grid,  there  are  few  unknown  variables  to  be  updated,  the 
multiresolution  decomposition  makes  the  iterative  procedure  computationally  less  expefnsive. 
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4.  Finally,  is  issue  of  robustness  of  the  algorithm  in  the  presence  of  noise.  We  have  shown  that  the 
multiresolution  approaches  are  less  sensitive  to  noise  than  the  current  algorithms.  The  reason  for  that  is 
the  fact  that  the  energy  in  most  real-world  images  concentrates  in  relatively  low- 
ffequencies/resolutions  and,  hence,  the  SNR  tends  to  be  lower  in  high  resolutions.  When  the  noise 
power  is  large,  the  SNR  in  high  resolutions  would  be  so  low  in  the  image  that  the  reconstruction 
process  at  the  original  resolution  level  would  be  rendered  useless. 

The  computer  simulation  results  presented  in  this  here  showed  that  indeed  the  multiresolution  methods 
provide  reconstructions  that  are  superior  in  quality  to  their  single-grid  counterparts.  For  instance,  the  pyramid 
approach  to  used  to  reconstruct  the  image  of  planet  Saturn  yielded  a  reconstruction  with  2.6  times  less  residual 
(NRMS)  error  that  the  direct  approach.  The  wavelet  decomposition  approach  produced  an  image  with  three  times 
less  residual  error.  On  the  other  hand,  both  the  pyramid  approach  and  the  multiresolution  approach  were  able  to 
achieve  68.1%  reduction  in  computations  over  the  existing  algorithms.  Both  approaches  performed  better  than  the 
direct  approaches  in  the  presence  of  noise. 

Clearly,  the  approaches  presented  here  offer  great  advantages  over  the  current  algorithms  employed  in 
solving  the  problem  of  image  reconstruction  from  the  measurement  of  the  magnitude  of  its  Fourier  transform.  The 
multiresolution  approaches,  and  particularly  the  wavelet  representation,  show  considerable  potential  for  future 
research  in  the  phase  retrieval  problem  and  open  the  door  for  the  development  of  more  efficient  algorithms  to  solve 
different  signal  recovery  problems.  Discussion  of  greater  detail  of  the  MRER  methods  may  be  foimd  in  [Rabadi, 
1995]. 
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Abstract.  Iterative  algorithms  are  currently  the  most  effective  ap¬ 
proaches  to  solving  a  number  of  difficult  signal  reconstruction  and  recov¬ 
ery  problems,  and  all  of  these  algorithms  suffer  from  stagnation  and 
computational  complexity.  We  propose  a  new  multiresolution  iterative 
approach  that  employs  the  concept  of  a  multiresolution  pyramid.  This 
method  attempts  to  solve  the  problem  of  image  reconstruction  from  the 
measurement  of  the  image’s  Fourier  modulus  by  decomposing  the  prob¬ 
lem  onto  different  resolution  grids,  which  enables  the  iterative  algorithm 
to  avoid  stagnation  by  providing  a  better  initial  guess  and  enabling  a 
higher  likelihood  of  arriving  at  a  global  minimum  while  dramatically  re¬ 
ducing  the  computational  cost.  Results  on  both  synthetic  and  real-world 
images  are  shown;  a  performance  comparison  with  the  direct  iterative 
algorithm  demonstrates  the  effectiveness  of  our  approach  in  terms  of 
convergence,  robustness  and  computational  efficiency.  ©  1996  Soci¬ 
ety  of  Photo-Optical  Instrumentation  Engineers, 
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1  Introduction 

Image  reconstruction  from  the  measurement  of  the  magni¬ 
tude  of  the  image’s  Fourier  transform  (or  equivalently,  from 
its  autocorrelation  function)  has  become  the  subject  of  in¬ 
tense  interest  from  both  fundamental  and  practical  points  of 
view.^"®  This  problem  emerges  in  many  different  disci¬ 
plines,  including  astronomy,  x-ray  ciystallography,  electron 
microscopy  and  optical  design.^  In  applications,  several 
versions  of  the  image  reconstruction  problem  appear,  de¬ 
pending  on  how  much  is  known  and  what  is  to  be  deter¬ 
mined.  The  version  of  an  image  reconstruction  problem  we 
study  here  comes  from  an  application  in  speckle  imaging 
known  as  imaging  correlography.^’*®  Imaging  correlogra- 
phy  is  based  on  the  fact  that,  by  illuminating  an  object  with 
a  laser  that  has  adequate  spatial  and  temporal  coherence,  an 
estimate  of  the  autocorrelation  (correlogram)  of  the  object’s 
brightness  distribution  can  be  obtained  from  the  measure¬ 
ments  of  the  (nonimaged)  backscattered  laser  speckle  inten¬ 
sity.  Since  the  Fourier  transform  of  the  autocorrelation  of 
the  object  brightness  function  is  equivalent  to  the  square 
modulus  of  the  Fourier  transform  of  the  brightness 
function, an  image  of  the  object  can  be  reconstructed  if 
the  phase  associated  with  the  measured  Fourier  transform 
magnitude  can  be  determined,  i.e.,  phase  retrieval. 

In  this  context,  the  image  reconstruction  problem  can  be 
stated  as  follows:  Given  the  magnitude  of  the  Fourier  trans¬ 
form,  |F(w,v)|,  of  an  image  /(x,y),  and  some  a  priori 
information  on  /(x,y),  reconstruct  the  image  /(x,y),  or 
equivalently,  reconstruct  the  phase  v)  of  F(m,i^).  Sev¬ 
eral  approaches  have  been  proposed  to  solve  this  problem. 
These  methods  can  be  divided  into  two  major  categories. 
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The  first  is  an  analytical  approach  that  is  based  on  the 
theory  of  the  uniqueness  of  multidimensional  spectral 
factorization.*’^  The  major  advantage  of  this  method  is  the 
theoretical  elegance  and  completeness  of  the  algorithm. 
Unfortunately,  spectral  factorization  is  highly  sensitive  to 
noise  and  is  computationally  intensive,  factors  that  make  it 
impractical  for  real-time  applications.  The  second  method 
of  solving  the  phase  retrieval  problem  is  known  as  the  it¬ 
erative  approach, which  seeks  numerical  solutions  that 
minimize  the  distance  between  the  measurement  and  its 
estimate  rather  than  an  attempt  to  find  an  exact  solution. 
The  first  practical  iterative  method  to  be  reported  was  the 
error-reduction  algorithm  of  Gerchberg  and  Saxton,^  later 
extended  by  Fienup.^  The  main  advantage  of  this  method  is 
the  ease  of  implementation  on  a  digital  computer  and  the 
fast  convergence  at  the  beginning  of  the  iterations.  How¬ 
ever,  in  many  cases  these  algorithms  stagnate  before  reach¬ 
ing  a  solution  and  become  trapped  in  a  local  minimum.®  An 
additional  limitation  of  iterative-type  algorithms  is  the  in¬ 
tensive  computation  required,  which  increases  exponen¬ 
tially  with  increasing  size  of  the  image  to  be 
reconstructed.^-^  ^ 

We  present  a  multiresolution  adaptation  of  the  error- 
reduction  algorithm  that  attempts  to  solve  the  stagnation 
and  computational  complexity  problems  by  employing  the 
concept  of  pyramids.^’^^This  approach  is  based  on  decom¬ 
posing  the  problem  of  image  reconstruction  onto  different 
resolutions.  By  using  the  solution  obtained  from  the  itera¬ 
tive  algorithm  at  a  lower  resolution  as  an  initial  guess  for 
the  next  finer  level,  then,  following  a  coarse-to-fine  strat¬ 
egy,  the  approach  enables  the  iterative  algorithm  to  escape 
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local  minima  by  providing  a  better  initial  phase  estimate 
while  dramatically  reducing  the  computational  cost. 

This  paper  is  organized  as  follows:  In  Sec.  2  we  briefly 
discuss  the  image  correiography  technique  as  described  in 
Ref.  9  and  show  the  computer  simulation  results  of  estimat¬ 
ing  the  autocoirelation  function  of  an  object  from  the  asso¬ 
ciated  laser  speckle  patterns.  We  also  provide  a  brief  review 
of  similar  techniques  using  multiresolution  to  solve  the  re¬ 
construction  problem.  In  Sec.  3  we  revisit  the  original  it¬ 
erative  algorithm  first  proposed  by  Gerchberg  and  Saxton, 
then  in  Sec.  4  we  introduce  the  concept  of  the  multiresolu¬ 
tion  pyramid.  The  adaptation  of  the  pyramid  decomposition 
to  the  iterative  algorithms  as  applied  to  the  image  recon¬ 
struction  problem  is  presented  in  Sec.  5.  Section  6  dis¬ 
cusses  the  computational  efficiency  of  the  algorithm,  while 
the  performance  of  the  algorithm  compared  with  the  exist¬ 
ing  iterative  approaches  is  demonstrated  in  Sec.  7;  finally, 
in  Sec.  8  conclusions  are  drawn. 

2  Image  Correiography 

Assume  that  an  object  with  an  optically  rough  surface  is 
illuminated  with  a  laser  beam  whose  coherence  length  is  at 
least  twice  as  long  as  the  object  is  deep.  The  backscattered 
intensity  in  the  far  field  will  produce  a  so-called  fully  de¬ 
veloped  speckle  pattern. Let  the  field  reflected  at  the  ob¬ 
ject's  surface  be  given  by^*^ 

/r(-^oO  =  |/oUO’)|exp[y$(x,y)],  (1) 

where  |/o(^,y)l  is  the  object’s  field  amplitude  reflectivity, 
and  is  the  phase  of  the  reflected  field.  The  observed 

speckle  pattern  l{u,v)  may  be  expressed  as  the  square 
modulus  of  the  Fourier  transform  of  /(x,y),  that  is,^"^ 

=  (2) 

The  autocorrelation  function  of  the  illuminated  object’s 
brightness  distribution  function  r(j:,y)  can  then  be  ob¬ 
tained  from  the  average  spectrum  of  the  laser  speckle  in¬ 
tensity  patterns,  which  can  be  implemented  as^^ 

1  ^ 

r(^,v)='n2  I?  '{i„{u,v)-i„}\-,  (3) 

where  is  the  n’th  realization  of  the  observed 

speckle  intensity  pattern  (where  each  speckle  realization 
can  be  obtained  by  slightly  rotating  the  object),  is  the 
mean  intensity  of  that  realization  and  N  is  the  total  number 
of  speckle  realizations  used.  Therefore,  by  using  Eq.  (3), 
one  can  estimate  the  autocorrelation  function  of  the  object. 

A  measure  of  the  object’s  Fourier  transform  modulus 
can  be  directly  obtained  by  Fourier  transformation  of  the 
autocorrelation  function  followed  by  taking  the  square  root. 
One  can  then  reconstruct  an  incoherent  image  of  the  object 
from  the  estimated  Fourier  modulus  by  using  a  phase  re¬ 
trieval  technique. 

An  example  of  this  technique  is  shown  in  Figure  1. 
where  a  synthetic  image  (a  ring  shape)  shown  in  Figure 
1  (a)  was  used  to  generate  a  sequence  of  speckle  patterns.  A 
typical  speckle  pattern  associated  with  this  object  is  shown 
in  Figure  1(b).  [This  is  a  computer-generated  speckle  pat- 


o 


(a)  (b) 

Fig.  1  (a)  Original  image  (128x128)  of  a  ring-shaped  object  and  (b) 
speckle  pattern  associated  with  the  ring-shaped  object. 


tem  produced  by  the  UCFLadar®  Simulator  developed  at 
the  University  of  Central  Eorida,  Center  of  Research  and 
Education  in  Optics  and  Laser  (CREOL),  Orlando, 
Horida.]  Figure  2(a)  shows  the  actual  autocorrelation  func¬ 
tion  of  the  ring-shaped  image.  Figures  2(b),  2(c)  and  2(d) 
illustrate  the  estimated  autocorrelation  function  from  10, 
100  and  1000  speckle  frames,  respectively.  Reference  10 
presents  an  excellent  treatment  of  image  correiography 
from  both  the  theoretical  and  the  experimental  points  of 
view. 


3  Iterative  Transform  Algorithms 

This  family  of  algorithms  follows  the  philosophy  of  the 
Gerchberg-Saxton  algorithm  known  as  the  error-reduction 
algorithm.^  All  of  these  algorithms  incorporate  a  similar 
idea — iterate  between  the  spatial  and  frequency  domains 
while  successively  satisfying  a  set  of  constraints  in  both. 


Fig.  2  Example  of  estimating  the  autocorrelation  function  from  a 
sequence  of  speckle  patterns:  (a)  actual  autocorrelation  function  of 
the  ring-shaped  object,  (b)  autocorrelation  function  of  the  ring- 
shaped  object  estimated  from  averaging  10  speckle  patterns,  (c) 
autocorrelation  function  of  the  ring-shaped  object  estimated  from 
averaging  100  speckle  patterns,  and  (d)  autocorrelation  function  of 
the  ring-shaped  object  estimated  from  averaging  1000  speckle  pat¬ 
terns. 
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START 


Fig.  3  A  block  diagram  of  the  error-reduction  algorithm. 


Figure  3  shows  a  flow  chart  representing  the  error- 
reduction  algorithm  process,  which  can  be  described  in  the 
follow  four  steps'^: 

L  Fourier  transform  gii(x,y),  to  yield  Gk(u,v),  where 
k  is  the  iteration  number  and  gQ(x,y)  is  a  random 
guess 

2.  make  the  minimum  changes  in  Gk(u,v)  that  allow  it 
to  satisfy  the  Fourier  domain  constraints  to  form 
G'k(u,v)  an  estimate  of  F(u,v) 

3.  inverse  Fourier  transform  G' k{u,v)  yielding 

g\ix,y) 

4.  make  the  nndnimum  changes  in  g\(x,y)  that  allow  it 
to  satisfy  the  object-domain  constraints  to  form 
gk^\(x,y)^ 

The  object-domain  constraints  are  typically  the  non¬ 
negativity  of  the  object,  and  its  spatial  support  object  is  a 
mask  outside  of  which  the  image  is  constrained  to  be  equal 
to  zero.  The  spatial  support  for  the  reconstruction  can  be 
obtained  from  the  support  of  the  object’s  autocorrelation 
function  since  the  diameter  of  the  object  is  just  half  of  the 
diameter  of  the  autocorrelation.^  ^ 

Although  this  algorithm  and  its  modification  by  Fienup^ 
are  currently  the  most  effective  approaches  to  solving  the 
phase  retrieval  problem,  they  still  suffer  from  stagnation. 
This  problem  is  due  to  the  large  number  of  attraction  basins 
that  cause  the  estimate  to  be  trapped  in  a  local  minimum 
when  the  initial  guess  is  not  close  enough  to  the  global 
minimum.  It  has  been  shown^  that  the  number  of  local 
minima  in  the  phase  retrieval  problem  increases  with  in¬ 
creasing  number  of  pixels  in  the  image;  therefore,  as  the 
size  of  the  image  increases,  it  becomes  difficult  to  find  a 
good  initial  point  that  is  close  to  the  global  minimum.  An 
additional  limitation  of  the  iterative  algorithm  is  the  inten¬ 
sive  computation  due  to  the  pair  of  2D  discrete  Fourier 
transforms  (DFTs)  required  for  each  cycle  of  the  algorithm. 
This  computational  complexity  is  a  function  of  the  number 
of  iterations  required  as  well  as  the  number  of  pixels  in  the 
image  to  be  reconstructed. 

Several  attempts  have  been  proposed  to  overcome  the 


drawbacks  of  the  error-reduction  algorithm.  One  modifica¬ 
tion  of  the  error-reduction  algorithm  is  the  hybrid  input- 
output  (HIO)  algorithm^  that,  in  practice,  exhibits  better 
convergence  properties  and  appears  to  be  able  to  escape 
local  minima  in  the  function  being  minimized.  However, 
the  HIO  algorithm  lacks  a  rigorous  analysis  of  its  conver¬ 
gence  and  can  diverge  when  close  to  the  true  image.  Other 
approaches*^  have  used  a  small  aperture  telescope  in  con¬ 
junction  with  intensity  measurements  over  a  large  aperture 
to  obtain  a  low-resolution  image  that  can  be  used  to  help  in 
reconstructing  a  fine-resolution  image  by  providing  an  es¬ 
timate  of  the  Fourier  phase.  Clearly,  this  approach  can  im¬ 
prove  the  performance  of  the  iterative  algorithm  by  provid¬ 
ing  a  better  start;  however,  it  requires  additional  optical 
elements  in  order  to  obtain  the  initial  low-resolution  image. 

We  present  a  new  multiresolution  adaptation  of  the 
error-reduction  algorithm  described  previously  by  decom¬ 
posing  the  problem  into  smaller  arrays.  If  several  iterations 
of  the  error-reduction  algorithm  are  performed  on  reduced 
sizes  (lower  resolutions)  of  the  image,  then  the  number  of 
local  minima,  as  well  as  the  computations  required,  will  be 
reduced.  This  indicates  that  it  is  more  likely  to  find  a  good 
initial  point  that  is  close  to  the  global  minimum  by  coarser 
grid  iterations  rather  than  with  a  finer  grid  where  a  smaller 
number  of  independent  variables  is  processed.  Then,  by 
locally  interpolating  the  result  to  a  finer  grid  and  using  this 
result  as  the  new  initial  estimate,  rapid  convergence  can  be 
achieved.  Therefore,  the  multiresolution  scheme  can  be  ex¬ 
pected  to  speed  up  the  convergence  and  reduce  the  total 
computational  cost  of  the  algorithm,  as  we  will  demon¬ 
strate. 

4  Multiresolution  Pyramid  as  a  Computational 
Tool 

Pyramids,  in  general,  are  data  structures  that  provide  a  suc¬ 
cessively  condensed  representation  of  the  input 
information.*^  What  is  condensed  may  be  image  intensity, 
so  that  the  successive  levels  of  the  pyramid  are  reduced- 
resolution  versions  of  an  input  image.  However,  this  con¬ 
densed  representation  also  represents  a  smoothed  or  sub¬ 
sampled  version  of  any  information  structure  presented  at 
the  input,  so  that  each  level  of  the  pyramid  represents  a 
reduced  entropy  of  the  input.  Pyramids  support  fast  coarse- 
fine  search  strategies  that  are  robust,  compact  and  compu¬ 
tationally  efficient.  This  structure  has  been  used  to  speed  up 
different  types  of  image  and  low-vision  operations,  such  as 
image  segmentation,  feature  extraction  and  motion 
analysis.*^  Here,  we  will  examine  pyramids  in  the  context 
of  image  reconstruction  from  three  different  perspectives — 
speed  of  convergence,  robustness  and  computational  effi¬ 
ciency. 

The  simplest  type  of  image  pyramid  is  constructed  by 
repeatedly  averaging  the  image  intensities  in  nonoverlap¬ 
ping  blocks  of  pixels.  Given  an  input  image  I©  of  size  N 
XN,  where  N  =  2^,  applying  the  averaging  process  yields  a 
reduced  image  size  of  size  2^"*X2^”*.  Applying  the 
process  again  to  the  reduced  image  yields  a  still  smaller 
image  I2  of  size  2^““X2^“"  and  so  on  till  we  reach 
(called  the  apex  or  top  of  the  pyramid)  of  size  1X1, 
which  represents  the  average  value  of  the  input  image.  If 
we  imagine  these  images  stacked  on  top  of  one  another, 
they  constitute  an  exponentially  tapering  M-level  pyramid 
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Fig.  4  Example  of  an  /IWevel  pyramid:  P*, 


of  images,  as  depicted  graphically  in  Figure  4.  In  order  to 
develop  a  multiresolution  algorithm,  several  components 
must  be  specified:*^ 

1.  the  number  of  levels  and  the  size  of  the  grid  at  each 
level 

2.  a  restriction  operation  that  maps  from  a  fine  level  to  a 
coarser  grid 

3.  a  prolongation  operation  that  maps  a  solution  at  a 
coarse  level  to  a  finer  grid 

4.  a  coordination  scheme  that  specifies  the  number  of 
iterations  at  each  level  and  the  sequence  of  prolonga¬ 
tions  and  restrictions. 

In  this  work,  we  used  a  simple  version  of  the  restriction 
and  prolongation  operations,  where  weighted  averaging  is 
used  for  restriction  and  linear  interpolation  is  used  for  pro¬ 
longation.  The  coordination  scheme  is  a  simple  coarse-to- 
fine  algorithm,  where  the  prolongated  coarse  solution  is 
used  as  a  starting  point  for  the  next  finer  level. 

Let  Iq  be  the  original  image  at  the  bottom  of  an  M-level 
pyramid  ,  and  let  /^_  i  be  the  top  level  of  P^ ;  then  for 
0  <  /  <  Af ,  we  can  define  the  restriction  operation  on 
P^  such  that. 


(4) 

where  7/  is  a  reduced-resolution  version  of  //_|  .  In  our 
case,  ^  can  be  defined  as 

4  4 

^/(L7)=2  2  vv(m,n)//_i(2f  +  m-2,27  +  W“2) 

m= 1 n= I 

l^KM  0^i,j<N/2‘,  (5) 

where  the  weighting  function  w(m,n)  is  the  generating  ker¬ 
nel  (or  the  convolution  mask)  and  I(i,j)  is  causal,  that  is 
KiJ)  =  0  for  i  <0  or  7<0.  Since  the  number  of  sampled 
pixels  has  been  reduced  by  half  in  each  dimension,  this 
kernel  plays  the  role  of  a  smoothing  process  (a  low-pass 
filter  that  removes  from  the  input  spectrum  all  the  compo¬ 
nents  with  a  frequency  larger  than  half  the  sampling  fre¬ 
quency)  to  ensure  meeting  the  Nyquist  rate  condition  and 


avoid  nonappropriate  subsampling.  This  weighting  function 
w{m,n)  is  chosen  subject  to  four  constraints:'^ 

1.  separability:  w(m,Ti)  =  Wi(m)-W2(n) 

2.  normalization:  22w(m,n)=l 

3.  symmetry:  H'(5-m,n)  =  w(»j,5-«) 

4.  equal  contribution  to  the  next  level:  2,Lo2j=o 
w(2i  +  m,2j  +  n)=l/4,  (m,n)  =  l,2. 

The  fourth  constraint  stipulates  that  each  pixel  at  level  / 
contribute  the  same  total  weight  to  the  pixels  at  level  1+ 1 
in  order  to  avoid  distortion  of  the  image.  Although  there 
exist  different  masks  that  satisfy  this  set  of  constraints,  we 
found  the  following  4X4  kernel  to  be  satisfactory: 

’0  0  0  O' 

0  0.25  0.25  0 
0  0.25  0.25  0  ■ 

.0  0  0  0. 

In  a  similar  manner,  we  define  a  prolongation  operation 
on  such  that. 


/,=^/,+i,  (7) 

which,  in  our  case,  can  be  defined  as 


m=  I  «=  1  \  Z  Z 

l^KM  0^{i,j)<N/2‘, 


(8) 


where  only  terms  for  which  (i  +  m-2)/2  and  (J+n-2)l2 
are  integers  contribute  to  the  sum,  and  w(m,n)  is  the  gen¬ 
erating  kernel  given  in  Eq.  (6).  In  this  operation,  the  gen¬ 
erating  kernel  will  filter  out  the  duplicated  part  of  the  spec¬ 
trum  that  resulted  from  downsampling  and  will  project  the 
rest  back  to  a  finer  grid. 


5  Description  of  the  Procedure 

The  first  step  in  the  image  reconstruction  procedure  out¬ 
lined  here  is  to  construct  a  bottom-up  pyramid  in  which 
each  level  represents  an  approximation  of  the  measured 
Fourier  transform  magnitude  at  that  level.  Since  a  precise 
measurement  for  the  Fourier  transform  modulus  at  all  the 
pyramid  levels  (i.e.  |F,(m,v)|,  0</<M)  is  not  available, 
an  estimate  of  these  measurements  is  sought.  An  approxi¬ 
mation  of  the  Fourier  transform  magnitude  at  coarse  grids 
can  be  obtained  by  first  downsampling  the  measured  auto¬ 
correlation  function,  followed  by  Fourier  transforming  the 
subsampled  autocorrelation  and  taking  the  square  root  of  its 
real  part.  Using  the  restriction  operation  Jg  defined  by  Eq. 
(5),  the  above  procedure  can  be  expressed  as 

=  l^KM,  (9) 
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Fig.  5  Block  diagram  representing  the  process  of  constructing  an 
A^level  Fourier  pyramid. 


where  ro(A:,j)  =  T{x,y),  The  block  diagram  shown  in  Fig¬ 
ure  5  illustrates  this  procedure.  It  is  worthwhile  to  mention 
at  this  point  that  the  approximation  of  the  Fourier  transform 
magnimde  at  different  resolutions  results  in  the  construc¬ 
tion  of  a  Fourier  pyramid  in  which  each  level  represents  an 
approximation  of  the  Fourier  transform  magnitude  of  a 
low-pass  version  of  the  image  to  be  reconstructed.  In  order 
to  show  that  this  is  indeed  the  case,  the  autocorrelation 
function  of  the  ring  shape,  ro(x,y),  was  subsampled  and 
compared  with  the  autocorrelation  of  the  subsampled  (low- 
pass)  version  of  the  ring-shaped  image  at  different  levels  of 
the  pyramid.  Figure  6  illustrates  this  comparison  and  it 
should  be  clear  that  this  is  a  good  approximation  of  the 
autocorrelation  function  of  a  low-pass  version  of  the  image 
as  measured  by  the  normalized  root-mean-square  (NRMS) 
error  defined  by 

Here,  T]im,n)  is  the  autocorrelation  function  of  a  sub¬ 
sampled  version  of  the  original  image  and  Yf{m,n)  is  the 
subsampled  autocorrelation  of  the  original  image. 

After  forming  the  Fourier  pyramid,  the  reconstruction 
procedure  proceeds  from  the  pyramid  top  to  the  bottom  by 
performing  several  cycles  of  the  basic  error-reduction  algo¬ 
rithm  on  the  lowest  resolution  level  (l  —  M-l)  until  the 
number  of  iterations  reaches  an  arbitrary  limit  that  depends 
on  the  complexity  of  the  image.  The  reconstructed  image 
is  then  transferred  to  the  next  level  of  the  pyra¬ 
mid  (/=M- 2)  with  double  the  resolution  by  applying  the 
interpolation  process  ^  defined  by  Eq.  (8);  that  is, 

gk-i=^gk  l^KM.  (11) 

The  same  basic  iterative  procedure  is  performed  on  the  new 
pyramid  level  using  the  last  image  estimate  computed  from 
the  previous  level  as  the  new  initial  guess  for  the  algorithm. 
This  process  is  repeated  following  a  coarse-to-fine  strategy, 
until  level  zero  of  the  pyramid  is  reached,  where  the  image 
is  now  reconstructed  at  the  original  resolution.  This  proce¬ 
dure  is  described  by  the  following  steps: 

Step  1:  Construct  the  Fourier  pyramid  as  given  by 
Eq.  (9). 


Step  2:  Start  at  the  highest  level  of  the  pyramid  desired 
(/  =  M— 1),  using  an  initial  random  guess  of  size  2~^N 
X  2’^A  as  a  starting  point. 

Step  3:  Perform  k  number  of  iterations  of  the  error- 
reduction  algorithm,  where  K  is  the  total  number  of  itera¬ 
tions  to  be  performed,  using  the  approximated  Fourier 
transform  magnitude  at  this  level  (i.e.  \Fi{u,v)\)  as  the 
Fourier  domain  constraint. 

Step  4:  Interpolate  the  reconstructed  image  g/(x,y)  to 
obtain  gi^i(x,y)  using  Eq,  (8),  and  use  it  as  the  new  initial 
guess. 

Step  5:  Go  to  the  next  finer  level: 

Step  6:  If  I  <  0  stop,  otherwise  go  to  Step  3. 

The  number  of  levels  of  the  pyramid  M  for  an  image  of 
size  NXN  is  typically  chosen  to  be  equal  to  log2  N.  In  ad¬ 
dition,  the  coordination  scheme  is  chosen  so  that  an  equal 
number  of  iterations,  k=K/M,  is  performed  at  each  level  of 
the  pyramid,  where  K  is  the  total  number  of  iterations  per¬ 
formed  throughout  the  reconstruction  procedure.  This  is  a 
simple  and  straightforward  coordination  scheme  and  one 
may  choose  more  optimal  schemes  so  that  the  number  of 
iterations  at  lower  resolutions  is  less  than  that  at  the  next 
resolution  level  since  at  lower  resolutions  the  number  of 
unknowns  to  be  updated  is  lower.  In  addition,  the  object- 
domain  support  used  in  step  3  was  obtained  from  the  sub¬ 
sampled  version  of  the  autocorrelation  function  at  each 
level  of  the  pyramid.  In  order  to  avoid  any  problems  that 
occur  with  the  diameter  constraint,  we  followed  the  strat¬ 
egy  suggested  by  Fienup"^  for  choosing  the  support  mask  in 
which  in  the  first  few  iterations  a  smaller  support  mask  is 
used  and  then  this  mask  is  enlarged  to  the  correct  support. 


6  Computational  Efficiency  of  the  Algorithm 

The  most  obvious  advantage  of  the  pyramid  representation 
is  that  it  provides  a  means  of  reducing  the  computational 
cost  of  the  iterative  algorithm  by  using  a  divide-and- 
conquer  principle.  To  investigate  the  reduction  in  overall 
computational  cost  that  results  from  using  the  multiresolu¬ 
tion  approach,  we  calculate  the  number  of  real  additions 
and  multiplications  (due  only  to  the  pair  of  2D  DFTs  since 
the  imposition  of  constraints  involves  far  fewer  computa¬ 
tions)  required  to  perform  K  iterations  of  the  error- 
reduction  algorithm  on  an  NXN  image.  If  the  ID  fast  Fou¬ 
rier  transform  (FFT)  is  used  to  compute  the  2D  DFT  in  a 
row-column  decomposition,  then  the  evaluation  of  each  2D 
DFT  requires  4A^^log2A^  real  multiplications  and 
6N“log2A^  real  additions,^^  a  total  of: 

lOKN-log.N  (12) 

algebraic  operations  for  K  iterations  of  the  algorithm.  When 
performing  the  same  number  of  iterations  on  an  M-level 
pyramid  (where  k-K/M  is  the  number  of  iterations  per¬ 
formed  at  each  level),  the  total  number  of  algebraic  opera¬ 
tions  reduces  to: 
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0  0 


(a) 


Fig.  6  Approximation  of  the  autocorrelation  function  of  the  subsampled  image  of  a  ring-shaped  object 
by  a  subsampled  version  of  the  autocorrelation  function  of  the  object:  (a)  actual  autocorrelation  func¬ 
tion  of  the  ring-shaped  object  (128x128);  (b)  autocorrelation  function  of  the  subsampled  version  of  the 
ring-shaped  image  (64x64);  (c)  subsampled  version  of  the  autocorrelation  function  of  the  ring-shaped 
object  (64X64).  The  NRMS  error  between  (b)  and  (c)  is  equal  to  0.078;  (d)  autocorrelation  function  of 
the  subsampled  version  of  the  ring-shaped  object  image  (32x32);  (e)  subsampled  version  of  the 
autocorrelation  function  of  the  ring-shaped  object  (32x32).  The  NRMS  error  between  (d)  and  (e)  is 
equal  to  0.157;  (f)  autocorrelation  function  of  the  subsampled  version  of  the  ring-shaped  object  image 
(16X16);  and  (g)  subsampled  version  of  the  autocorrelation  function  of  the  ring-shaped  object  (16 
XI 6).  The  NRMS  error  between  (f)  and  (g)  is  equal  to  0.306. 


(13) 


This  indicates  that  a  considerable  reduction  in  the  compu¬ 
tation  is  achieved  by  this  decomposition  of  the  problem. 


7  Simulation  Results 

In  the  experiments  that  we  performed,  the  pyramid  ap¬ 
proach  produced  reconstructions  that  are  superior  in  quality 
(as  measured  by  the  residual  error)  to  the  direct  iterative 
method.  To  illustrate  the  procedure  of  the  multiresolution 
pyramid  approach,  a  synthetic  image  of  the  ring  shape 
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o 


(a) 

Fig.  7  Example  of  image  reconstruction  from  the  actual  autocorre¬ 
lation  function  (the  direct  approach):  (a)  original  image  (128X128)  of 
the  ring-shaped  object  and  (b)  image  reconstructed  after  100  itera¬ 
tions  of  the  error-reduction  algorithm  on  a  single  grid. 


shown  in  Figure  7(a)  was  used.  Figure  7(b)  shows  the  re¬ 
constructed  image  after  100  iterations  of  the  error-reduction 
algorithm  on  a  single  grid  (i.e.  direct  approach)  where  the 
actual  (noiseless)  autocorrelation  function  was  used  to  ob¬ 
tain  the  Fourier  transform  magnitude  of  the  ring-shaped 
image.  Figure  8  shows  a  4-level  Fourier  pyramid  con¬ 
structed  as  described  by  Eq.  (9)  in  Sec,  5,  where  each  level 
of  the  pyramid  represents  an  approximation  of  the  Fourier 
transform  magnitude  at  a  different  resolution  (128X128, 
64X64,  32X32,  ...  etc.).  Again,  the  actual  (noiseless)  au¬ 
tocorrelation  function  of  the  ring-shaped  image  was  used  to 
obtain  the  Fourier  transform  magnitudes  at  each  level  of  the 
4-level  pyramid  by  performing  25  iterations  of  the  error- 
reduction  algorithm  at  each  level  (a  total  of  100  iterations), 
where  Figure  9(a)  shows  the  16X16  pixel  images  recon¬ 
structed  at  level  3  of  the  pyramid  after  25  iterations  of  the 
error-reduction  algorithm.  By  interpolating  this  image  as 
given  by  Eq.  (8).  a  new  image  with  32X32  pixel  resolution 
can  be  obtained.  This  new  image  can  now  be  used  as  the 
initial  guess  for  the  error-reduction  algorithm.  Figure  9(b) 
shows  the  reconstructed  image  at  level  2  of  the  pyramid 
after  25  iterations  of  the  error-reduction  algorithm.  The 
same  procedure  is  repeated  again  to  obtain  the  recon¬ 
structed  image  shown  in  Figure  9(c).  Figure  9(d)  shows  the 
image  reconstructed  at  the  original  resolution  (i.e.  level  0  of 
the  pyramid). 

To  investigate  the  performance  of  the  proposed  approach 
in  the  presence  of  noise,  we  repeated  the  above  procedure 
using  a  noisy  estimate  of  the  autocorrelation.  Figure  10(a) 
shows  the  ring-shaped  test  image.  Figure  10(b)  shows  the 
reconstructed  image  after  100  iterations  of  the  error- 
reduction  algorithm  on  a  single  grid,  where  an  estimate  of 
the  autocorrelation  function  obtained  from  averaging  1000 


(a) 


Fig,  8  The  Fourier  pyramid  of  the  ring-shaped  object  (a)  level  3  of 
16X16  pixel  resolution,  (b)  level  2  of  32x32  pixel  resolution,  (c) 
level  1  of  64x64  pixel  resolution,  and  (d)  level  0  of  128x128  pixel 
resolution. 


(a)  (b) 


OHO 


(C)  (d) 

Fig.  9  Example  of  image  reconstruction  from  the  actual  autocorre¬ 
lation  function  (the  multiresolution  approach):  (a)  image  recon¬ 
structed  after  25  iterations  on  level  3  (16x16),  (b)  image  recon¬ 
structed  after  25  iterations  on  level  2  (32x32),  (c)  image 
reconstructed  after  25  iterations  on  level  1  (64x64),  and  (d)  image 
reconstructed  after  25  iterations  on  level  0  (128X128), 


speckle  realizations  (shown  in  Figure  2(d))  was  used  to 
obtain  the  magnitude  of  the  Fourier  transform  of  the  image. 
Figures  10(c).  10(d),  10(e)  and  10(f)  show  the  reconstruc¬ 
tion  at  each  level  of  the  4-level  pyramid  by  performing  25 
iterations  of  the  error-reduction  algorithm  at  each  level  (a 
total  of  100  iterations). 

We  repeated  the  same  procedure  using  the  same  ring- 
shaped  image,  where  a  noisier  estimate  of  the  autocorrela¬ 
tion  function  obtained  from  averaging  100  speckle  realiza¬ 
tions,  shown  in  Figure  2(c),  was  used  to  obtain  the  Fourier 
transform  modulus.  Figure  11(a)  shows  the  original  image, 
and  Figure  11(b)  shows  the  reconstructed  image  after  100 
iterations  of  the  error-reduction  algorithm  performed  at  a 
single  grid.  The  results  of  the  multiresolution  approach  at 
different  levels  of  the  pyramid  using  the  same  autocorrela- 


Fig.  1 0  Example  of  image  reconstruction  from  the  noisy  estimate  of 
the  autocorrelation  function  obtained  from  1000  speckle  patterns 
(the  direct  approach  versus  the  multiresotution  approach):  (a)  origi¬ 
nal  image  of  the  ring-shaped  object,  (b)  image  reconstructed  after 
100  iterations  of  the  error-reduction  algorithm  on  a  single  grid  (the 
direct  approach),  (c)  image  reconstructed  after  25  iterations  on  level 
3  (16X16),  (d)  image  reconstructed  after  25  iterations  on  level  2 
(32x32),  (e)  image  reconstructed  after  25  iterations  on  level  1  (64 
x64).  and  (f)  image  reconstructed  after  25  iterations  on  level  0  (128 
X128). 
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Fig.  11  Example  of  image  reconstruction  from  the  noisy  estimate  of 
the  autocorrelation  function  obtained  from  100  speckle  patterns  (the 
direct  approach  versus  the  multi  resolution  approach):  (a)  original 
image  of  the  ring-shaped  object,  (b)  image  reconstructed  after  1 00 
iterations  of  the  error-reduction  algorithm  on  a  single  grid  (the  direct 
approach),  (c)  image  reconstructed  after  25  iterations  on  level  3 
(16x16),  (d)  image  reconstructed  after  25  iterations  on  level  2  (32 
x32),  (e)  image  reconstructed  after  25  iterations  on  level  1  (64x64), 
and  (f)  image  reconstructed  after  25  Iterations  on  level  0  (128x128). 


tion  function  estimate  (i.e.,  from  100  speckle  realizations) 
are  shown  in  Figures  1 1  (c),  1 1  (d),  1 1  (e)  and  1 1  (f).  We  com¬ 
pared  the  quality  of  the  reconstructions  obtained  by  using 
the  multiresolution  approach  with  those  using  the  direct 
approach  from  both  the  noiseless  and  noisy  autocorrelation 
function.  Table  1  shows  the  numerical  values  of  the  NRMS 
error  of  these  reconstructions,  which  in  this  case  is  defined 
as"^ 

^  _2^2^\F{u,v)-Giu,v)\^ 

These  results  indicate  that  the  multiresolution  approach 
produced  reconstructions  that  are  superior  to  the  direct 
error-reduction  method  from  both  noiseless  and  noisy  mea¬ 
surements  of  the  autocorrelation  function.  This  indicates 
that  the  multiresolution  approach  is  more  robust  in  the  pres¬ 
ence  of  noise. 

A  more  complex  image  (the  planet  Saturn)  of  size  256 
X256  shown  in  Figure  12(a)  was  used  to  evaluate  the  per- 


Table  1  NRMS  error  for  reconstructions  obtained  using  the  multi¬ 
resolution  approach  versus  that  obtained  using  the  direct  approach. 


NRMS  Error 

Direct  Pyramid 

Approach  Approach 

Reconstruction  using  the  actual 
autocorrelation 

0.40559 

0.19052 

Reconstruction  using  the 
autocorrelation  estimated  from 
averaging  1000  speckle  realizations 

0.45025 

0.32803 

Reconstruction  using  the 
autocorrelation  estimated  from 
averaging  100  speckle  realizations 

0.48256 

0.40611 

Fig.  12  Example  of  image  reconstruction  on  a  single  grid:  (a)  origi¬ 
nal  image  of  planet  Saturn  (256x256)  and  (b)  image  reconstructed 
after  1000  iterations  of  the  error-reduction  algorithm. 


formance  of  the  multiresolution  approach.  The  image  re¬ 
constructed  after  1000  iterations  of  the  error-reduction 
algorithm  on  a  single  grid  is  shown  in  Figure  12(b).  Figure 
13  shows  the  reconstructed  image  obtained  by  using  the 
multiresolution  approach  implemented  on  a  5-level  pyra¬ 
mid,  with  2(X)  enror-reduction  iterations  performed  at  each 
level  (a  total  of  1000  error-reduction  iterations),  where  Fig- 


(e) 

Fig.  13  Example  of  Image  reconstruction  on  a  5-level  pyramid  (the 
multiresolution  approach):  (a)  image  reconstructed  after  200  itera¬ 
tions  on  level  4  (16x16),  (b)  image  reconstructed  after  200  itera¬ 
tions  on  level  3  (32x32),  (c)  Image  reconstructed  after  200  iterations 
on  level  2  (64x64),  (d)  image  reconstructed  after  200  iterations  on 
level  1  (128x128),  and  (e)  image  reconstructed  after  200  iterations 
on  level  0  (256x256). 
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ures  13(a)  through  13(e)  show  the  images  reconstructed  on 
levels  5  through  0  of  the  pyramid,  respectively.  The  final 
result,  shown  in  Figure  13(e),  is  the  image  reconstructed  at 
the  original  resolution.  Simple  calculations  using  Eqs.  (12) 
and  (13)  show  that  a  68.1%  reduction  in  computation  is 
achieved,  while  the  NRMS  error  is  reduced  by  a  factor  of 
2.6. 

8  Conclusions 

A  multiresolution  approach  to  the  phase  retrieval  problem 
has  been  described  that  can  significantly  improve  the  per¬ 
formance  of  existing  iterative  methods.  This  approach  is 
based  on  decomposing  the  problem  of  image  reconstruction 
into  different  resolutions.  By  using  the  solution  obtained 
from  the  iterative  algorithm  at  a  lower  resolution  as  an 
initial  guess  for  the  next  finer  level  and  then  following  a 
coarse-to-fine  strategy,  one  can  produce  reconstructions 
that  are  superior  in  quality  to  the  direct  error-reduction  al¬ 
gorithm  in  terms  of  the  residual  error.  From  a  computa¬ 
tional  efficiency  perspective,  we  have  shown  that  our  ap¬ 
proach  dramatically  reduces  the  computational  cost. 

Results  of  the  multiresolution  approach  presented  here 
suggest  that  the  method  may  have  potential  in  solving 
many  of  the  phase  retrieval  problems  experienced  with  cur¬ 
rent  iterative  approaches  such  as  stagnation  and  computa¬ 
tional  complexity.  However,  the  performance  of  this  algo¬ 
rithm  in  overcoming  other  practical  difficulties,  such  as 
twin-image  formation  and  striping  effects,  will  require  fur¬ 
ther  research.  In  addition,  we  are  working  toward  better 
strategies  of  choosing  the  image-domain  support  con¬ 
straints. 

One  alternative  to  the  pyramid  approach  uses  wavelet 
theory  in  the  multiresolution  decomposition. It  has  been 
shown^"^  that  the  phase  retrieval  problem  can  be  solved  by 
finding  the  least-squares  solution  of  a  set  of  nonlinear  equa¬ 
tions  that  can  be  implemented  using  a  Gauss-Newton 
method  that  has  been  extensively  analyzed.  In  addition, 
convergence  of  the  algorithm  has  been  shown.  This  method 
involves  finding  the  pseudo-inverse  of  a  Hessian  matrix  of 
size  X  which  would  be  required  for  reconstructing 
an  image  of  size  N  X  N.  This  approach  becomes  computa¬ 
tionally  expensive  and  sometimes  numerically  unstable  due 
to  round-off  errors  for  large  A,  which  makes  it  impractical 
as  the  size  of  the  image  becomes  larger.  In  the  wavelet 
basis,  however,  large  and  dense  matrices  become  sparse*”^ 
and  various  numerical  schemes  can  be  used  to  find  the  ma¬ 
trix  inverse  efficiently.  Our  current  research  is  directed  to¬ 
ward  investigating  this  wavelet  approach  to  solving  the  im¬ 
age  reconstruction  problem. 
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ABSTRACT 

A  multiresolution  approach  for  image  reconstruction  from  the  magnitude  of  its  Fourier 
transform  has  been  developed  and  implemented  by  employing  the  concept  of  pyramid 
sampling.  In  this  approach  several  iterations  of  the  error  reduction  algorithm  are  performed  at 
each  level  of  the  pyramid  using  a  coarse-to-fine  strategy,  resulting  in  improved  convergence 
and  reduced  computational  cost. 
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1.  INTRODUCTION 

The  problem  of  phase  retrieval  from  the  intensity  measurements  has  become  a  subject  of 
extensive  interest  from  both  the  fundamental  and  practical  points  of  view.  This  problem 
emerges  in  many  different  disciplines  such  as  X-ray  crystallography,  electron  microscopy  ^  and 
image  reconstruction  of  coherently  illuminated  objects  from  measurements  of  backscattered 

laser-speckle  intensity.  ’  Given  an  image  f(x,y)  e  then  this  image  and  its  spectrum 

F(u,v)  constitute  a  Fourier  transform  pair: 

F(u,v)  =  3{/(;c,y)}  =  |F(a,v)|e'»'-' 

=  ]]  f{x,y)e‘^’"‘''’'dxdy  (l) 

—  00  — oo 

where  \F(u,v)\  is  the  modulus  and  0(u,v)  is  the  phase  of  F(u,v).  The  phase  retrieval  problem 
can  be  stated  as,  given  \F{u,v)\  and  knowledge  of  the  support  and/or  nonnegativity  of  /(x.y), 
reconstruct  the  image /(5c, or  equivalently  reconstruct  the  phase  0(u,v)  of  F(u,v).  Several 
approaches  have  been  proposed  to  solve  this  problem.  These  approaches  can  be  divided  into 
two  major  categories,  the  first,  is  the  analytical  approach  that  is  based  on  the  theory  of 
uniqueness  of  multidimensional  spectral  factorization.'*  The  major  advantage  of  this  approach 
is  the  theoretical  perfectness  and  elegance  of  the  algorithm.  Unfortunately,  this  approach  is 
highly  sensitive  to  noise  and  computationally  intensive  which  make  it  impractical  for  real  time 
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^  applications.  The  second  approach  used  in  solving  the  phase  retrieval  problem  is  the  iterative 

approach  ,  which  seeks  numerical  solutions  that  minimize  the  distance  between  the 
measurement  and  its  estimate.  The  first  practical  iterative  algorithm  is  the  Error-Reduction 
algorithm,  first  proposed  by  Gerchberg  and  Saxton,^  and  later  extended  by  Fienup.^  The  main 
I  advantage  of  this  method  is  the  ease  of  implementation  on  a  digital  computer,  and  the  fast 

I  convergence  at  the  beginning  of  the  iterations.  However,  in  many  cases  these  algorithms 

sta^ate  before  reaching  a  solution,  where  the  iterative  algorithm  becomes  trapped  in  a  local 
minimum.  An  additional  limitation  of  the  iterative  algorithms  is  the  intensive  computation 
required,  which  increases  exponentially  as  with  increasing  the  size  of  the  image  to  be 
reconstructed,  as  well  as  the  number  of  iterations  required.  Several  algorithms  have  been 
proposed  to  solve  these  shortcomings  of  the  iterative  algorithm  mentioned  above. 

We  present  a  multiresolution  adaptation  of  the  Error-Reduction  algorithm  by  employing  the 
concept  of  pyrarmds  ’  that  will  be  shown  to  reduce  the  computational  complexity,  and 
provide  a  better  initial  phase  estimate  that  enables  the  iterative  algorithm  escape  local  minima. 

2.  THE  ERROR-REDUCTION  ALGORITHM 

Iterative  algorithms  follow  a  similar  idea,  iterate  between  the  spatial  and  frequency  domains 
while  successively  satisfying  the  constraints  in  both.  Figure[l]  shows  a  flow  chart  representing 
the  steps  of  the  ERA,  and  can  be  described  in  the  follow  four  steps;  ^ 

1 .  Fourier  transform  gj;x,y)  an  estimate  oif(x,y)  yielding  Gj:u,v). 

2.  Make  the  minimum  changes  in  G^(u,v)  which  allow  it  to  satisfy  the  Fourier  domain 
constraints  to  form  G\(u,v)  an  estimate  of F(u,v)  . 

3 .  Inverse  Fourier  transform  G '  ^(u,v)  yielding  g '  J^x,y). 

4.  Make  the  minimum  changes  in  g'/x,yj  that  allow  it  to  satisfy  the  object-domain 
constraints  (support  and/or  nonnegativity)  to  form  g^^/x.y). 

As  we  mentioned  before,  the  main  disadvantage  of  this  algorithm  and  all  iterative  approaches  is 
that  in  many  cases  it  stagnate  before  reaching  a  solution.  This  stagnation  problem  is  due  to  the 
large  number  of  attraction  basins  which  cause  the  estimate  to  be  trapped  into  a  local  minimum 
if  the  initial  guess  is  not  close  to  the  global  minimum.  It  has  been  shown^  ^  that  the  number  of 
local  minima  in  the  phase  retrieval  problem  increases  dramatically  with  the  number  of  pixels  in 
the  image,  therefore,  as  the  size  of  the  image  increases,  it  becomes  difficult  to  find  a  good 
initial  point  which  is  close  to  the  global  minimum,  and  hence  the  stagnation  problem  in  the 
iterafive  phase  retrieval  algorithm  arises.  An  additional  limitation  of  the  iterative  algorithm  is 
the  intensive  computation  due  to  the  pair  of  2D  DFT’s  required  for  each  cycle  of  the 
algorithm.  This  computational  complexity  is  a  function  of  the  number  of  iterations  required,  as 
well  as  the  number  of  pixels  in  the  image  to  be  reconstructed.  If  several  iterations  of  the  Error- 
Reduction  algorithm  are  performed  on  reduced  sizes  of  the  image,  then  the  number  of  local 
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minima,  as  well  as  the  computations  required  will  be  reduced.  This  indicates  that  it  is  more 
likely  to  find  a  good  initial  point  that  is  close  to  the  global  minimum  by  coarser  grid  iteration 
rather  than  a  finer  grid  where  a  smaller  number  of  independent  variables  is  processed. 
Therefore,  the  multiresolution  scheme  is  able  to  speed  up  the  convergence  and  to  reduce  the 
total  computational  cost  of  the  algorithm. 


3.  MULTIRESOLUTION  PYRAMID  AS  A  COMPUTATIONAL  TOOL 

Pyramids,  in  general,  are  data  structures  that  provide  successively  condensed  representation  of 
the  input  information.  What  is  condensed  may  be  simply  image  intensity,  so  that  the 
successive  levels  of  the  pyramid  are  reduced-resolution  versions  of  the  input  image.  However, 
this  condensed  representation  may  also  represents  a  smoothed  or  subsampled  version  of  any 
information  structure  presented  at  the  input,  so  that  each  level  of  the  pyramid  represents  a 
reduced  entropy  of  the  input.  Pyramids  support  fast  coarse-fine  search  strategies  which  are 
robust,  compact  and  computationally  efficient.  This  structure  has  been  used  to  speed  up 
different  types  of  image  and  low-vision  operations,  such  as  image  segmentation,  feature 
extraction  and  motion  analysis.^®  We  will  examine  pyramids  from  the  last  of  these  perspectives, 
i.e.  computational  efficiency. 


4.  PYRAMID  ARCHITECTURE 

The  simplest  type  of  image  pyramid  is  constructed  by  repeatedly  averaging  the  image 

intensities  in  nonoverlapping  blocks  of  pixels. Given  an  input  image  I„  of  size  2  x2  (called 
the  base  or  the  bottom  of  the  pyramid),  applying  the  averaging  process  yields  a  reduced  image 

size  Ii  of  size  2”’'x2”’’  .  Applying  the  process  again  to  the  reduced  image  yields  a  still  smaller 
image  h  of  size  2"’^x2  and  so  on  till  we  reach  Im.i  (called  the  apex  or  top  of  the  pyramid) 
of  size  1x1  which  represents  the  average  value  of  the  input  image.  If  we  imagine  these  images 
stacked  on  top  of  one  another,  they  constitute  an  exponentially  tapering  M-level  pyramid  of 
images,  as  depicted  in  Figure[2].  In  order  to  develop  a  multiresolution  algorithm,  several 
components  must  be  specified: 

•  The  number  of  levels  and  the  size  of  the  grid  at  each  level. 

•  A  restriction  operation  that  maps  from  a  fine  level  to  a  coarser  grid. 

•  A.  prolongation  operation  that  maps  a  solution  at  a  coarse  level  to  a  finer  grid. 

•  A  coordination  scheme  that  specifies  the  number  of  iterations  at  each  level  and  the 
sequence  of  prolongations  and  restrictions. 

In  this  work,  we  will  use  a  simple  version  of  the  restriction  and  prolongation  operations,  where 
averaging  is  used  for  restriction  and  linear  interpolation  is  used  for  prolongation.  The 
coordination  scheme  is  a  simple  coarse-to-fme  algorithm,  where  the  prolongated  coarse 
solution  is  used  as  a  starting  point  for  the  next  finer  level. 
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Let  lo  be  the  original  image  at  the  bottom  of  an  A/-level  pyramid  Pm  ,and  let  Im.i  be  the  top 
level  of  Pm,  then  for  0<  k  <M,  we  can  define  the  restriction  operation  1R  on  Pm  as. 


L= 


where  7*  is  a  reduced-resolution  version  of  h-i  .  In  our  case,  can  be  defined  as, 

1  2^1  2^1  1  <k  <  M 

^  in-2/  rj*2  j 

Similarly,  we  define  a  prolongation  operation  P  on  Pm  as. 


lk  =  PI 


k*I 


which,  in  the  case  of  linear  interpolation,  is  given  by, 

n=^2  m  =  -2 


1  <k  <  M 
0  <  i,j  <  N/f 


where  only  terms  for  which  (i+n)/2  and  (f+m)/2  are  integers  contribute  to  the  sum. 


(2) 


(3) 

(4) 


(5) 


5.  DESCRIPTION  OF  THE  PROCEDURE 


We  start  by  constructing  a  bottom-up  pyramid,  where  each  level  represents  an  approximation 
of  the  given  Fourier  transform  magnitude.  The  reconstruction  procedure  proceeds  from  the 
pyramid  top  to  the  bottom,  using  a  coarse-to-fine  strategy,  and  performing  an  arbitrary  number 
of  iterations  at  each  level.  This  can  be  implemented  as  follows:  given  an  NxN  array,  where 
N=^,  an  M-level  pyramid  is  constructed,  where  the  bottom,  or  zero,  level  ik=0)  is  the  given 
Fourier  transform  magnitude,  and  each  higher  level  of  the  pyramid  represents  an  approximation 
oi\F(u,v)\  obtained  by  repeatedly  averaging  the  Fourier  transform  magnitude  values  within  a 
2x2  non-overlapping  window  using  the  restriction  operation  ^  defined  by  Eq.(3),  that  is. 


=  7^ 


F 


k  -  1 


1  <k  <  M 


(6) 


where  \F^(i,J)\=\FO,j)\.  As  a  result,  each  array  in  this  sequence  is  a  smoothed  subsampled 
version  of  its  predecessor.  Several  cycles  of  the  basic  error-reduction  algorithm  are  then 
performed  on  the  lowest-resolution  level  (k-M-l)  until  the  number  of  iterations  reaches  an 
arbitrary  limit  that  depends  on  the  complexity  of  the  image.  The  reconstructed  image  is 
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then  transferred  to  the  next  level  of  the  pyramid  {k=M-2)  with  double  the  resolution  by 
applying  the  interpolation  process  P  defined  by  Eq.(5),  that  is, 

Sk-i  =  gk  1  <  k  <  M  (7) 

The  same  basic  iterative  procedure  is  performed  on  the  new  pyramid  level  using  the  last  image 
estimate  computed  from  the  previous  level  as  an  initial  guess  for  the  algorithm.  This  process  is 
repeated  following  a  coarse-to-fine  strategy,  until  reaching  level  zero  of  the  pyramid,  where  the 
image  is  reconstructed  at  the  original  resolution. 


6.  RESULTS  AND  DISCUSSION 

The  most  obvious  advantage  of  the  pyramid  representation  is  that  it  provides  a  means  of 
reducing  the  computational  cost  of  the  iterative  algorithm  by  using  a  divide-and-conquer 
principle.  To  investigate  the  reduction  in  the  computational  cost  that  results  fi-om  adopting  the 
multiresolution  approach,  we  calculate  the  number  of  real  additions  and  multiplications  (due 
only  to  the  pair  of  2D  DFT’s  since  the  imposition  of  constraints  involves  far  less  computations) 
required  to  perform  K  iterations  of  the  error  reduction  algorithm  on  an  NxN  image.  If  the  ID 
FFT  is  used  to  compute  the  2D  DFT  in  a  row-column  decomposition,  then  the  evaluation  of 
each  2D  DFT  requires  SN^logjN  real  multiplication’s  and  additions,*^  a  total  of 

20Klf  logiN  algebraic  operations  for  K  iterations  of  the  algorithm.  When  performing  the  same 
number  of  iterations  on  an  M-level  pyramid,  using  the  multiresolution  approach,  the  total 
number  of  algebraic  operations  reduces  to  : 


TV-  ^ 

1%  ( 

'  ^  ) 

V  2  0 

1  log2[ 

(8) 

In  the  experiments  that  we  performed,  our  approach  produced  reconstructions  that  are 
superior  in  quality  (as  measured  by  the  residual  norm)  to  the  direct  iterative  method.  To 
illustrate  the  procedure  of  the  multiresolution  pyramid  approach,  the  Fourier  transform 
magnitude  of  a  128x128  image  of  a  T  shape  shown  in  Figure[3)  is  used.  Figure[4] 
illustrates  the  magnitude-only  synthesis  using  random  phase.  The  reconstructed  image  after 
100  iterations  of  the  error  reduction  algorithm  on  a  unigrid  (direct  approach)  is  shown  in 
Figure  [5].  Figure[6]  shows  a  4-levels  pyramid  constructed  by  restricting  (subsampling)  the 
given  Fourier  transform  magnitude  \F(i,j)\  at  each  level  of  the  pyramid.  Figure[7]  shows  the 
images  reconstructed  at  different  levels  of  a  4-levels  pyramid  with  25  Error-Reduction 
iterations  performed  at  each  level  of  the  pyramid  (  a  total  of  100  iterations  of  the  Error- 
Reduction  algorithm). 

A  more  complex  image  (image  of  Saturn)  of  size  256x256  (shown  in  Figure[8])  is  used  to 
evaluate  the  performance  of  the  multiresolution  approach.  Figure[9]  shows  the  magnitude-only 
synthesis  using  random  phase.  The  image  reconstructed  after  800  iterations  of  the  error 
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reduction  algorithm  on  a  single  grid  is  shown  in  Figure[10].  Figure[ll]  shows  the 
reconstructed  image  obtained  by  using  the  multiresolution  approach  implemented  on  a  4-level 
pyramid,  with  200  error  reduction  iterations  performed  at  each  level.  Simple  calculations  using 
Eq.(8)  shows  that  68.1%  reduction  in  computation  is  achieved,  while  the  residual  error  is 
reduced  by  a  factor  of  2.6. 

An  alternative  to  the  pyramid  approach  is  the  wavelet  theory  proposed  by  Mallat.*^  Since  the 
error  reduction  algorithm  is  actually  the  least  square  solution  of  a  set  of  nonlinear  equations,  it 
can  be  implemented  by  a  Gauss-Newton  method.  This  involves  finding  the  pseudo-inverse  of  a 
Hessian  matrix  of  size  which  would  be  required  for  reconstructing  an  image  of  size 

NxN.  This  approach  becomes  computationally  expensive  and  sometimes  numerically 
unstable  due  to  round-off  errors  for  large  N,  which  makes  it  impractical  as  the  size  of  the 
image  becomes  larger.  In  the  wavelet  basis,  however,  large  and  dense  matrices  become  sparse 
and  various  numerical  schemes  can  be  used  to  find  the  matrix  inverse.  Currently,  we  are 
investigating  this  wavelet  approach  to  solving  the  image  reconstruction  problem. 


7.  CONCLUSIONS 

A  multiresolution  approach  to  the  phase  retrieval  problem  has  been  described  that  can 
significantly  improve  the  performance  of  existing  iterative  methods.  From  a  computational 
efficiency  perspective,  we  have  shown  that  our  approach  drastically  reduces  the  computational 
cost,  and  produces  reconstructions  that  are  superior  in  quality  to  the  direct  iterative  algorithms 
in  terms  of  the  residual  error. 
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Initial  Guess 


Figure  1  :  Block  Diagram  of  the  Error-Reduction  Algorithm 


Figure  2  :  Multiresolution  Pyramid 
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Figure  3;.  Original  Image:  Figure  4:  Magnitude-only  Figure  5:  Reconstruction  on  a 

I-Shape  (128x128)  synthesis  using  random  phase  single  grid  (128x128)  after 

100  iterations  of  the  ERA 


Figure  6  :  The  Construction  of  a  4-Level  Pyramid  of  the  Foureir 
Transform  Magnitude  of  the  T-Shape  Image. 
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a-  Reconstruction  on  level  3 
(16x16),  25  ER  iterations. 


c-  Reconstruction  on  level  1 
(64x64),  25  ER  iterations. 


Figure  7  : 


b-  Reconstruction  on  level  2 
(32x32),  25  ER  iterations. 


1 


d-  Reconstruction  on  level  0 
( 1 28x128),  25  ER  iterations. 
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Figure  10  '.Reconstructed  image  after 
800  iterations  of  the  error  reduction 
algorithm  on  single  grid  (direct 
approach). 


Figure  1 1  :  Reconstructed  image 
obtained  using  the  multiresolution 
approach  on  a  4-level  pyramid,  with 
200  iterations  of  the  error  reductiori 
algorithm  performed  at  each  level. 
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RECIPROCAL  PATH  SCATTERING  AND  LASER  RADAR 


Robert  A.  Murphy,  Ph.D.  and  R.  L.  Phillips,  Ph.D. 

8.1  Background  -  what  is  RPS? 

One  of  the  technical  areas  investigated  by  the  CREOL  Laser  Radar  Laboratory  under  the  BMDO  contract 
is  reciprocal  path  scattering  (RPS).  RPS  is  a  natural  consequence  for  the  monostatic  receiver  geometry  when  a 
random  medium  (or  media)  scatters  the  radiation  during  the  round-trip  propagation  from  the  transmitter  to  the 
receiver.  RPS  has  been  observed  due  to  scattering  from  rough  surfaces,  round-trip  scattering  through  atmospheric 
turbulence,  as  well  as  scattering  from  suspended  particulates.  For  BMDO  applications,  both  scattering  from  rough 
surface  targets  and  roimd-trip  scattering  through  atmospheric  turbulence  produce  RPS  for  monostatic  laser  radar 
transceivers. 

When  a  receiver  and  transmitter  share  a  common  optic  axis,  field  correlation  between  the  different  transmit 
and  return  paths  imposed  by  scattering  from  random  media  produces  a  backscatter  enhancement  (BE)  effect.  This 
effect  produces  a  pronounced  peak  in  the  angular  distribution  of  scattered  light  in  the  anti-incident  direction.  BE  is 
also  referred  to  as  backscatter  amplification  and  enhanced  backscattering  in  the  scientific  literature.  Two  distinct 
scattering  phenomena,  unique  to  scattering  by  random  media,  are  capable  of  producing  backscatter  enhancement: 
spatially  coherent  reciprocal  path  scattering  and  spatially  incoherent  random  focusing.  The  theoretical 
investigations  performed  by  the  CREOL  Laser  Radar  Laboratory  are  concerned  with  backscatter  enhancement  that 
is  produced  entirely  by  RPS. 

In  general,  scattering  by  random  media  produces  an  incoherent  return,  i.e.  there  is  no  fixed  relative  phase 
between  transversely  translated  versions  of  a  field  in  the  transceiver  plane;  and  the  spatial  distribution  of  the 
resulting  intensity  component  fluctuates  randomly  about  a  mean  value.  Reciprocal  path  scattering,  however, 
produces  a  narrow,  pronounced  coherent  peak  in  the  backscatter  direction  that  is  superimposed  upon  the  incoherent 
component  of  the  angular  distribution  of  the  average  backscattered  intensity.  This  peak  is  produced  by  the 
constructive  interference  of  wave  pairs  that  traverse  reciprocal,  time-reversed,  scattering  paths  from  the  transmitter 
to  the  monostatic  receiver  that  are  imposed  by  randomly  scattering  media. 

RPS  provides  the  opportunity  to  partially  mitigate  the  adverse  effects  of  incoherent  scattering  by  random 
media.  Incoherent  scattering  by  turbulence  and  rough  surface  targets  produces  amplitude  and  phase  fluctuations  in 
the  backscattered  field  that  degrade  the  perfoimance  of  imaging  systems  by  randomizing  the  spatial  frequency 
information  for  target  position  and  target  identification,  i.e.  discrimination  between  the  target  and  decoys.  The 
spatial  coherence  of  RPS  may  be  exploited  to  recapture  near  diffraction  limited  target  spatial  frequency  information 
for  coherent  reciprocal  path  imaging  (RPI)  applications.  Since  turbulence  scattering  permits  a  greater  range  of 
backscattered  spatial  frequencies  to  reach  the  transceiver,  coherent  RPI  techniques  actually  capture  more  spatial 
frequency  content  in  the  presence  of  atmospheric  turbulence  than  would  be  received  in  the  absence  of  turbulence. 
In  other  words,  refractive  scattering  by  the  atmospheric  turbulence  layer  may  someday  actually  be  used  as  an 
extended  collection  aperture  for  coherent  RPI  systems. 
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8.2  Accomplishments 

An  analytically  tractable  phenomenological  model  was  derived  by  Murphy  [1]  for  scattering  by  the 
combination  of  atmospheric  turbulence  and  a  rough  surface  target.  Phenomenological  models  were  heuristically 
developed  for  the  atmospheric  turbulence  reciprocal  path  scattering  (AT-RPS)  and  the  rough  surface  RPS  (RS-RPS) 
processes  individually  and  then  for  the  combined  process  RPS  (CP-RPS).  These  models  are  based  upon  the 
scattering  geometry,  and  physical  surface  and  turbulence  parameters. 

The  model  for  rough  surface  scattering  assumes  the  gamma  probability  distribution  for  the  random  surface 
heights  and  is  based  upon  the  rms  surface  slope  and  the  geometry  of  the  scattering  processes  that  occur  at  the  rough 
surface.  The  average  backscattered  intensity  is  assumed  to  consist  of  two  components:  an  incoherent  component 
produced  by  the  self-interference  of  single  scattered  (SS)  and  double  scattered  (DS)  field  components,  and  a 
coherent  component  produced  by  RS-RPS.  The  average  total  backscattered  intensity  from  the  random  rough 
surface  is  modeled  as  that  produced  by  the  superposition  of  three  random  arrays,  two  representing  incoherent  SS 
and  DS  events,  and  the  other  representing  coherent  RS-RPS. 

The  model  for  roxind-trip  propagation  through  atmospheric  turbulence  is  based  upon  the  turbulence  field 
transverse  spatial  coherence  lengths  over  the  up-link  and  down-link  propagation  paths.  A  reference  plane  is  first 
determined  at  which  the  turbulence  field  transverse  spatial  coherence  lengths  for  the  up-link  and  down-link 
propagation  paths  are  equal;  this  field  transverse  spatial  coherence  length  defines  the  dimensions  of  the  turbulence 
coherent  propagation  cells  in  the  reference  plane.  The  strength  of  the  coherent  AT-RPS  peak  is  dependent  upon  the 
number  of  these  cells  within  the  transverse  area  of  the  up-link  beam  at  the  reference  plane.  The  transverse  length  of 
the  coherent  AT-RPS  peak  in  the  transceiver  plane  is  modeled  as  the  main  Airy  diffraction  lobe  produced  by  an 
effective  coherent  AT-RPS  aperture  at  the  reference  plane  radiating  in  the  direction  of  the  transceiver. 

The  model  for  the  CP-RPS  produced  by  the  combination  of  saturated  atmospheric  turbulence  and  a  strong 
scattering  rough  surface  provides  physical  insight  into  the  resulting  scattering  based  upon  physical  surface  and 
turbulence  parameters.  The  coherent  CP-RPS  enhancement  factor  is  derived  and  expressed  in  terms  of  the  coherent 
intensity  enhancements  produced  by  AT-RPS  and  RS-RPS  individually.  This  relationship  permits  the  prediction  of 
real  world  coherent  CP-RPS  backscattered  intensity  enhancement  based  upon  laboratory  measurements  of  RS-RPS 
and  calibrated  field  measurements  of  AT-RPS.  Under  the  assumptions  of  this  analysis,  the  coherent  CP-RPS 
intensity  peak  is  almost  entirely  produced  by  the  average  coherent  intensity  contribution  due  to  field  components 
that  traverse  reciprocal  scattering  paths  both  through  the  atmospheric  turbulence  and  at  the  rough  surface. 

The  modification  to  the  traditional  laser  radar  equation  (LRE)  [2]  first  incorporates  the  detrimental  effect  of 
beam  spreading  by  atmospheric  turbulence;  then  the  effect  of  the  backscatter  enhancement  produced  by  turbulence 
is  added.  The  effect  of  the  backscatter  enhancement  produced  by  scattering  by  rough  targets  is  next  modeled  in  the 
absence  of  turbulence;  and  finally,  the  analysis  models  the  combination  of  turbulence  beam  spreading,  turbulence 
backscatter  enhancement,  and  rough  surface  backscatter  enhancement. 

The  results  of  this  analysis  indicate  that  the  traditional  LRE  is  too  oversimplified  for  practical  power 
budget  calculations  when  a  monostatic  transceiver  geometry  is  employed.  As  expected,  beam  spreading  by 
atmospheric  turbulence  significantly  reduces  the  return  signal  photons  incident  upon  the  transceiver;  this  effect  is 
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only  partially  mitigated  when  turbulence  backscatter  enhancement  is  taken  into  account.  When  both  turbulence  and 
rough  target  backscatter  enhancement  occur,  the  number  of  return  signal  photons  incident  upon  the  transceiver 
exceeds  that  predicted  by  the  traditional  LRE,  even  in  the  presence  of  turbulence  beam  spreading.  This  analysis 
illustrates  that  the  traditional  LRE  can  be  off  by  more  than  an  order  of  magnitude  when  the  first  order  effects  of 
turbulence  and  rough  target  scattering  are  considered. 

8.3  Conclusions 

A  rigorous  model  for  the  scattering  produced  by  the  combination  of  atmospheric  turbulence  and  rough 
surfaces  is  ultimately  desired  for  RPI  applications  [3-10]  that  includes  weak  turbulence  scattering  and  oblique 
incidence  for  the  rough  target  scattering.  The  dissertation  “Scattering  from  Rough  Surfaces  and  Atmospheric 
Turbulence  in  Monostatic  Laser  Radar  Systems”  provides  the  foundation  for  the  development  of  a  rigorous  CP-RPS 
model.  As  demonstrated  by  the  dissertation,  the  mathematics  necessary  to  accomplish  this  goal  are  very 
complicated  even  for  the  most  simple  atmospheric  turbulence  and  rough  surface  scattering  models,  A  logical  course 
of  action  to  obtain  the  desired  goal  is  to  progressively  build  rigor  into  the  foundation  presented  in  the  dissertation 
based  upon  experimental  data.  This  may  be  accomplished  by  initially  adopting  a  second-order  Kirchoff 
Approximation  method  [1 1- 13]  for  RS-RPS  as  well  as  a  second-order  Rytov  solution  method  for  AT-RPS.  Finally, 
the  extinction  theorem  method  could  then  be  applied  to  model  the  scattering  from  both  random  media.  With  active 
research  support,  this  research  may  then  someday  provide  the  capability  to  achieve  exceptional  imaging 
performance  through  the  Earth’s  atmosphere. 

Several  new  issues  have  come  to  light  since  the  publication  of  the  modified  LRE  that  accounts  for 
turbulence  beam  spreadiag  as  well  as  turbulence  and  rough  target  backscatter  enhancement.  The  general  trend  of 
the  results  are  probably  still  valid,  i.e.  the  LRE  is  too  oversimplified  for  even  first  order  estimates  when  the 
monostatic  transceiver  geometry  is  applied.  With  a  minimum  level  of  effort  (approximately  12  man  months)  these 
new  issues  could  be  incorporated  that  would  correctly  formulate  the  modified  LRE  for  monostatic  transceiver 
applications.  This  would  be  a  great  benefit  to  system  designers  in  general  as  well  as  benefit  RPI  applications. 
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1.  Abstract 

A  model  is  presented  which  quantifies  the  ccanbined  effect  of  rough  surfece  and  turbulence  double 
passage  reciprocal  path  scattering  (RPS)  on  the  power  received  by  a  groimd-based  monostatic  laser  radar. 
This  is  not  a  rigorous  analysis;  instead  a  phenomenological  modification  to  the  tradifional  laser  radar 
equation  (LRE)  for  power  linkage  is  presented,  which  includes  the  first  order  effects  of  atmospheric 
turbuloice  as  well  as  rough  surfece  and  double  passage  RPS. 

2.  Introduction 

A  monostadc  ladar  system  is  one  in  which  the  transmitter  and  receiver  optical  paths  utilize  the 
same  ^Tenure  for  beam  transmission  and  recqjtion,  respectively.  The  transmitted  beam  propagates 
through  the  turbuloit  atmosphere  to  the  target,  is  back-scattered  by  the  target  surface,  and  then  propagates 
downward  through  the  atmosphere  in  the  direction  of  the  receiving  aperture.  The  two  distinct  scattering 
processes  encountered  by  the  propagating  beam  are  due  to  rough  surface  scattering  by  the  target,  and 
scattering  caused  by  atmospheric  refiactive  index  variations  over  the  path  due  to  atmospheric  turbulence. 
Reciprocal  time-reversed  multiple  scattering  paths  exist  for  each  scattering  process  due  to  EM  reciprocity; 
the  combination  of  these  processes  sequentially  produces  coherent  (in-phase)  wave  s^ment  pairs  at  the 
receiver.  The  coherent  component  of  the  received  power  contains  difBtaction-limited  information  which  is 
exploited  by  active  coherent  imaging  ^plications 

At  laser  wavelengths,  the  sur&ce  irregularities  of  physical  targets  are  comparable  to  the 
wavelength  of  the  illuminating  beam.  This  sur&ce  roughness  contributes  significantly  to  the  scattered 
cross  section  of  the  target.  Multiple  scattering  processes  are  eTq^erienced  by  wave  segments  incident  on  the 
surfece.  Reciprocal  path  coherent  wave  segment  pairs  exist  for  multiply  scattered  wave  segments  within 
the  valleys  of  the  rough  target  surfece^,  as  well  as  for  sur&ce  wave  resonant  polaritons^.  Coherent 
backscaltered  intensity  has  been  observed  as  large  as  80  times  the  difiuse  backscattered  incoherent 
intensity^. 

With  respect  to  beam  propagation,  the  Earth's  lower  atmosphere  is  a  random  inhomogeneous 
medium  due  to  local  temperature  gradients  caused  by  solar  heating.  The  refiactive  index  of  the  atmosphere 
is  a  function  of  the  local  temp>erature.  Temperature  differences  between  the  ground  and  the  air  produce 
turbulence  cells  (or  eddies),  each  with  slightly  different  temperatures.  These  eddies  are  effectiveh- 
individual  scatterers  producing  both  refiactive  and  dififractive  scattering  events.  Coherent  reciprocal  path 
wave  segment  pairs  exist  for  double  passage  (transmitter  to  target  -  target  to  receiver)  propagation  through 
atmospheric  turbulence^.  When  the  target  is  in  the  fer-field  of  the  turbulence  layer,  turbulence  double 
passage  produces  a  backscattered  signal  w'hich  is  at  maximum  3  dB  above  the  diffuse  backscattered 
incoherent  intensity,  as  confirmed  by  numerical  experiments^. 
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Rough  surfece  and  turbulence  double  passage  RPS  processes  each  produce  coherent  backscatter 
individually,  We  hypothesize  that  in  combination,  the  interrelation  of  the  two  processes  is  multiplicative, 
with  turbulence  double  passage  being  the  governing  scattering  process  for  the  relative  magnitudes  of  the 
coherent  and  incoherent  intensities  sensed  by  the  receiver.  This  is  because  the  scattering  processes  occur 
sequentially;  and  the  return  passage  through  turbulence  is  the  last  scattering  process  that  occurs  during  the 
round  trip  propagation  from  the  transmitter  to  the  receiver. 

Glossary 

X  =  Laser  wavelength  =  1.064  pm 

Px  =  Laser  output  power 

s  =  Transceiver  optical  efficiency 

Dj-  =  Monostatic  transceiver  aperture  diameter  =  10  cm 

Ar  =  Aperture  area 

6^  =  Transmitted  Gaussian  beam  divergence  half  angle 
T  =  One-way  average  atmospheric  transmissivity 
Pr  =  Power  received  by  detector 

FOV  =  Receiver  field  of  view  is  assumed  to  be  defined  by  9t 
R  =  Space  target  altitude  =  5 10  km 
At  =  Target  area 
p  =  Target  reflectivity 

Qb  Target  backscatter  projected  solid  angle 
Neglecting  turbulence: 

Ax  =  Transmit  beam  area  at  target 
Ab  =  Backscatter  area  at  receiver 
Including  turbulence: 

Rl  =  Phase  screen  altitude  =  10  km 
to  =  Atmospheric  coherence  diameter  =  10  cm 
9ps  =  Turbulence  forward  scatter  angle 
Aps  =  Transmit  beam  area  at  phase  screen 
=  Transmit  beam  area  at  target 
Abps  =  Backscatter  area  at  phase  screen 
.Abr  =  Effective  ^rture  accepted  backscatter  area  at  receiver 
Including  rough  target  RPS: 

9c  =  Coherent  backscatter  lull  angle  beamwidth 
9d  =  Diffuse  backscatter  full  angle  beamwidth 
Abe  “  Coherent  backscatter  area  at  receiver 
Abd  =  Diffuse  backscatter  area  at  receiver 
Abq}s  ~  Coherent  backscatter  area  at  phase  screen 
Abdps  Diffuse  backscatter  area  at  phase  screen 
Fjc  =  Rough  sur&ce  coherent  backscattered  power  fretor 
Fsd  =  Rough  surfece  diffuse  backscattered  power  fector 
Including  turbulence  DP-RPS 

Abdp  =  Backscattered  area  over  which  reciprocal  paths  exist  =  Af 
Ftc  =  Double  passage  coherent  backscattered  power  fector 
Ftd  =  Double  passage  diffuse  backscattered  power  fector 
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3.  Traditional  Laser  Radar  Equation 

The  traditional  formulation  of  the  ladar  range  equation  (LRE)  for  the  power  received  Pj.  from  an 
unresolved  target^  is 


Pr  =R 


BP 


Ar 


(1) 


where  fix  is  the  transmit  beam  projected  solid  angle  and  the  other  relevant  quantities  are  defined  in  the 
Glossary-.  The  laser  radar  range  equation  assumes  that  the  transmitted  and  backscattered  fields  propagate 
into  solid  angles  with  constant  transverse  cross-sectional  power  density’.  The  range  equation  assumes  that 
the  target  is  in  the  farfield  of  the  transmitted  beam  and  the  receiver  aperture  is  smaller  than  the  area  of  the 
backscatter  at  the  receiver. 


Meaningful  insight  is  obtained  by  rewriting  the  ladar  range  equation  in  terms  of  solid  angle  ratios 
which  can  then  be  converted  into  area  ratios 


Pr 


Cly.  Gb 


=  T^epT 


2  At  Ar 
Ax  Ab 


(2) 


where  Ax  is  the  cross  sectional  area  of  the  transmitted  beam  at  the  space  target  and  Ab  is  the  projected  area 
of  the  target  backscatter  at  the  receiver.  Thus  for  an  unresolved  target,  the  received  power  depends  upon 
the  ratio  of  the  illuminated  target  area  to  the  projected  transmitted  beam  area  at  the  target,  as  well  as  the 
ratio  of  the  receiver  aperture  area  to  the  projected  target  backscatter  area.  Neglecting  turbulence,  the 
transmitted  Gaussian  beam  divergence  half  angle  is  aperture  limited  by  the  relationship  Gj  =  27J(icDj-). 
Figure  1  illustrates  the  geometry’  for  the  LRE. 

4.  Theoretical  Development 

In  this  section  the  modificaticMis  to  the  LRE  will  be  presented.  First  the  LRE  will  be  modified  to 
include  atmospheric  turbulence.  Eiqiressions  will  then  be  developed  to  include  the  effects  of  turbulence 
double  passage  RPS  G^P-RPS),  rough  target,  valley  wave  RPS  (VW-RPS),  and  rough  target,  surface  wave 
RPS  (SW-RPS).  Finally,  the  reciprocal  path  modified  LRE  (RPMLRE)  expression  is  presented  which  is 
defined  as  including  the  combined  effects  of  rough  target  RPS  and  turbulence  DP-RPS.  Since  reciprocal 
scattering  paths  exist  only  within  the  transmit  beam,  the  assumption  will  be  made  that  the  detector  field  of 
view  (FOV)  is  matched  to  the  transmitted  beam  for  the  theoretical  development  to  follow. 

4.1.  Atmospheric  Turbulence  Mode! 

Atmospheric  turbulence  is  worst  near  the  ground  but  occurs  for  altitudes  ranging  to  100  km.  For 
ground-based  operation  against  space  targets,  turbulence  is  a  fiaction  of  the  total  one-way  propagation 
distance  from  the  transmitter  to  the  target.  The  remainder  of  the  propagation  path  is  considered  to  be  free 
space. 


It  is  well  known  that  atmospheric  refractive  index  fluctuations  due  to  an  extended  continuous 
inhomogeneous  medium  are  sufficiently'  modelled  by  a  thin,  transparent,  random  phase  screen^,  w’hich  for 
this  scenario  is  located  beyond  the  Rayleigh  range  of  the  transmitted  beam  yet  close  to  the  transceiver  with 
respect  to  the  target.  We  assume  the  transceiver  aperture  is  atmosphere  limited,  with  a  diameter  defined  by 


652  /  SPIt  Voi  1968  Atmospheric  Propagation  ar)d  Remote  Sensing  II  (1993) 


the  atmospheric  coherence  diameter^  Tq.  Taking  r^,  =  10  cm  as  a  reasonable  estimate  for  zenith  viewing  at 
night,  and  a  transmit  aperture  three  times  the  beam  waist  (Oq  =  3 .33  mm),  the  Rayleigh  range  of  the 
transmitted  beam  is  zr  =  =  3 .2  km.  A  phase  screen  altitude  of  10  km  is  thus  appropriate  under 

these  conditions.  For  targets  located  within  the  lower  atmosphere,  a  phase  screen  model  may  not  be 
sufficient,  and  a  turbulence  profile  may  be  required. 

In  terms  of  the  LRE,  the  phase  screen  forward  scatter  reduces  the  received  power  by  expanding  the 
transmitted  and  backscattered  solid  angles.  The  transmitted  beam  is  incident  upon  the  phase  screen  and 
forward  scattered  within  a  cone  of  propagation  directions  defined  by  the  full  angle  Opg.  With  the  receiver 
FO  V  matched  to  the  transmit  beam,  the  forward  illximinated  area  of  the  phase  screen  Aps  can  be  modelled 
as  an  effective  projected  receiving  aperture,  as  illustrated  by  Figure  2.  The  target  backscatter  incident  upon 
the  phase  screen  is  again  forward  scattered  by  Ops  towards  the  receiver  aperture.  Only  the  portion  of  the 
target  backscatter  incident  upon  Aps  can  enter  the  FOV  of  the  receiver.  The  target  backscatter  incident 
upon  Aps  is  forward  scattered  by  the  phase  screen  into  an  area  Abr  at  the  receiver,  as  shown.  Under  these 
assumptions,  the  LRE  including  turbulence,  yet  neglecting  RPS  effects  is 

p  =  p  At.  V..  Ai-  (4) 

^  ^  ^  A«  Abpsd  Abr 

where  Abpsd  is  the  diffuse  backscatter  projected  area  at  the  phase  screen. 

4.2.  Reciprocal  Path  Scattering  Model 

To  model  the  effects  of  coherent  RPS,  the  LRE  assumption  that  constant  power  density  is  diffusely 
backscattered  into  a  solid  angle  is  expanded  to  include  both  diffuse  and  coherent  scattered  power 
components,  with  constant  power  density  across  its  respective  solid  angle.  Conservation  of  energy  is 
preserved  by  the  inclusion  of  diffuse  and  coherent  scattered  power  ratio  fectors,  which  sum  to  unity. 

Double  passage  RPS  will  first  be  modelled,  followed  by  rough  surfece  RPS.  The  RPMLRE  model  for  the 
combination  of  rough  surface  RPS  with  DP-RPS  will  then  be  presented. 

At  ttiis  point  a  discussion  pertaining  to  the  enhancement  foctor,  as  referred  to  in  the  literature,  is 
necessary  for  clarity.  The  enhancement  fector  f  is  defined  to  be  the  ratio  of  the  total  backscattered  intensity 
to  the  diffuse  backscattered  intensity 

_  ^coh  ^diff  (5) 

Idiff 

For  example,  an  enhancement  factor  of  five  implies  a  coherent  backscattered  intensity  four  times  the  diffuse 
backscattered  intensity. 

4.2.1.  Turbulence  Double  Passage  RPS 

The  reciprocal  path  requirement  of  DP  "RPS  implies  That  backscattered  wave  segments  exist  with 
cyclic  partners  only  within  the  detector  FOV  defined  by  the  transmit  beam.  The  receiver  aperture  thus 
defines  the  maximum  area  over  which  DP-RPS  is  possible.  With  the  receiver  FOV  matched  to  the  transmit 
beam,  the  projection  of  the  receiver  aperture  at  the  phase  screen  can  be  modelled  as  the  effective  reciprocal 
path  reception  aperture,  as  shown  in  Figure  3.  DP-RPS  reciprocal  paths  require  the  backscattered  area 
over  which  cyclic  paths  exist  Ab(^  to  be  less  than  or  equal  to  the  receiver  aperture  area. 
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The  LRE  including  turbulence  with  DP-RPS  is  given  by 


■^ps  p  Ar 

Abpsd  Abr 


+  Ftc 


Ab^'' 
Af  ; 


(6) 


where  Fy  and  Ftc  are  the  diffuse  (non-cyclic)  and  coherent  (cyclic)  turbulence  double  passage  scattered 
power  fectors,  respectively,  which  satisfy  the  restriction  Ftd  +  F^  =  1 


Ftd  = 


^br 


Abr  +  A,  (f,  -  1) 


and 


A,  (f,  - 1) 


Abr  +  A,  (f,  - 1) 


(7) 


\^ere  is  the  turbulence  double  passage  enhancement  fector.  For  example,  v^iien  the  fer-field  turbulence 
enhanc^ent  &ctor  is  maximiun  =  2,  the  diSuse  and  coherent  forward  scatter  intensity  strengths  are 
equal. 

4.2.2.  Rough  Surface  RPS 

Coherent  RPS  from  rough  sur&ces  occurs  due  to  resonant,  time-reversed  multiple  scattering 
events.  Several  distinct  phenomena  produce  coherent  backscatter  from  rough  surfaces*®;  and  the  simplest 
of  these  will  briefly  be  discussed.  For  moderate  and  very  rough  surfeces  cyclic  multiple  scattering  within 
the  valleys  of  the  surfece  irregularities  is  the  predominant  RPS  mechanism.  This  RPS  mechanism  will  be 
referred  to  as  "valley  wave"  VW-RPS.  For  slightly  rough  surfeces,  however,  the  slopes  are  too  small  for 
significant  multiple  scattering  within  the  valleys.  In  this  case,  reciprocal  -surface  wave  multiple  sratt^ring 
events  (resonant  polanton  localization)  produce  coherent  RPS  from  conductive  targets.  This  RPS 
mechanism  will  similarily  be  referred  to  as  "surfece  wave"  SW-RPS.  Although  not  arlrfressed  in  this 
analysis,  multiply  scattered  bulk  volume  waves  are  similarly  re^x)nsible  for  RPS  from  slightly  rough 
dielectric  surfaces. 


In  contrast  to  the  difhise  backscatter,  the  coherent  backscatter  propagates  within  a  narrow  cone  of 
propagation  directions  that  is  centered  about  the  retro  direction.  The  stren^  and  angular  width  of  the 
coherent  backscatter  is  a  function  of  both  the  surfece  roughness  and  complex  permittivity’.  For  \^-RPS, 
the  angular  width  of  the  coherent  backscatter  is  approximated  by  the  dif&action-limited  divergence  of  an 
effective  aperture  whose  diameter  is  proportional  to  the  mean  free  path  between  the  multiple  scattering 
events.  In  this  case,  the  mean  free  path  is  nominally  a  wavelength  or  less;  and  the  full  angular  width  of  the 
coherent  VW-RPS  peak  is  typically  several  degrees.  The  angular  width  of  the  SW-RPS  peak  depends  upon 
the  polariton  localization  length,  which  can  be  several  times  the  mean  free  path*  * .  The  foil  angular  extent 
of  the  SW-RPS  peak  is  typically  a  degree,  or  less. 


For  the  LRE,  in  addition  to  diffuse  backscatter  with  area  Ab<i,  the  RPS  from  a  rough  target  surfece 
generates  coherent  backscatter  at  the  receiver  with  projected  area  A^c,  as  illustrated  by  Figure  4. 
Incorporating  the  coherent  rough  surfece  RPS,  the  traditional  LRE  (Eq.  2)  becomes 


Ax 


Fsd 


Afad 


+  Fs 


sc 


At. 

Abe 


(8) 


where  the  rough  surfece  diffuse  and  coherent  power  backscatter  fectors  Fj^  and  Fjc  sum  to  unity,  and  are 
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given  by 


(9) 


Fsd 


_ Abd _ 

Abd  +  Abe  (fs  - 1) 


and 


Abe  (4-1) 
Abd  +  Abe  (4  -  1) 


where  4  is  the  rough  surfece  enhancement  fector. 


The  rough  surfece  enhancement  factor  varies  substantially.  Measured  values  typically  range  from 
slightly  greater  than  unity  to  two,  although  factors  of  ten  are  not  uncommon.  A  combination  of  several 
coherent  backscatter  mechanisms  is  believed  to  be  responsible  for  the  enhancement  fector  of  80  observed 
from  a  Teflon-coated  polished  silver  grating^. 


4.3.  Combined  Turbulence  Double  Passage  RPS  and  Rough  Surface  RPS 

The  effect  of  combining  the  two  turbulence  and  rough  sur&ce  RPS  phenomena  is  multiplicative  by 
consideration  of  the  combined  reciprocal  scattering  possibilities.  Combining  Eqs.  6  and  8,  the  Reciprocal 
Path  Modified  Ladar  Range  Equation  (RPMLRE)  is  determined  to  be 


'■■xt 


Abr 


+  F, 


to  ■ 


^bdp 

Ar 


Arw 

F^^-  +  F. 


^bpsd 


sc 


^bpsc 


(10) 


Maximum  reciprocal  path  possibilities  occur  when  Apg  =  A^dp  as  shown  by  Figure  5. 

Four  terms  result  from  the  multiplication;  and  they  determine  the  relative  strengths  of  the  difriise 
and  coherent  backscattered  power  received.  The  term  containing  the  product  ^td^sd  corresponds  to  diffuse 
target  backscatter  which  is  diffusely  forward  scattered  by  the  turbulence  as  illustrated  by  Figure  6.  Figure 
7  shows  the  FtcFsd  term  representing  the  diffusely  backscattered  wave  segments  from  the  target  which  exist 
with  cyclic  partners  due  to  turbulence  double  passage,  and  thus  contribute  to  the  total  coherent  power.  The 
coherent  target  backscatter  which  is  incoherently  forward  scattered  by  turbulence  is  described  by  the  FtdFsc 
term  as  demonstrated  in  Figure  3.  Finally,  F^^Fsc  represents  the  coherent  target  backscattered  coherently 
forward  scattered  through  Ae  turbulence,  which  is  illustrated  by  Figure  9. 

The  diffuse  power  received  is  the  sum  of  the  two  terms  which  are  multiplied  by  Ft^;  and  the 
coherent  received  power  is  the  sum  of  the  two  terms  which  are  multiplied  by  F^c-  The  turbulence  double 
passage  phenomena  is  thus  the  governing  RPS  process.  Double  passage  through  turbulence  either 
preserves  or  incoherently  disturbs  the  individual  cyclic  wave  segment  pairs  which  are  coherently 
backscattered  from  the  target.  Similarly,  double  passage  either  preserves  the  incoherence  of  diffuse  target 
backscatter,  or  combines  individual  diffuse  target  backscattered  wave  segments  into  coherent  cyclic  pairs. 

5.  Summary 

Within  the  constraints  of  this  analysis,  rough  surfece  RPS  in  combination  with  turbulence  double 
passage  RPS  increases  the  predicted  received  power  of  a  monostatic  system  over  that  predicted  by  the 
traditional  LRE.  The  theoretical  formulation  is  constructed  such  that  the  relative  magnitudes  of  the 
coherent  and  diffuse  received  power  components  are  easily  separated  for  RPS  exploitation  purposes. 


SPtE  Vol.  1 968  Atmospheric  Propagation  and  Remote  Sensing  //  (1 993)  f  655 


6. 


Future  Work 


A  follow-on  paper  is  in  process,  in  which  the  received  power  from  a  rough  target  and  a  mirror 
(glint)  target  will  be  compared  using  the  various  LRE  formulations  presented  in  this  paper.  A  simple 
method  will  be  presented  to  ^proximate  the  turbulence  and  rough  surfrce  RPS  power  scatter  frctors  from 
measured  data. 
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Figure  3.  LRE  including  turbulence  double  passage  reciprocal  path 
scattering  DP-RPS,  where  F-^d  ^tc  ”  i*  assume  =  -^ps* 
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Figure  4,  LRE  including  target  rough  surface  RPS,  where  F^d  ^sc 
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Figure  5.  Reciprocal  Path  Modified  Ladar  Range  Equation  (RPMLRE) 
including  combined  rough  surface  and  turbulence  double  passage  RPS. 
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Figure  6.  F-^d^sd  represents  diffuse  target  backscatter  which  is 

incoherently  forward  scattered  through  the  turbulence. 

Diffuse  power  received. 


Figure  7.  F^c^sd  ‘tent  represents  diffuse  target  backscatter  which  exist 
with  reciprocal  path  partners  due  to  turbulence  doiible  passage. 

Coherent  power  received. 
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Figure  8 .  F-td^’se  term  represents  coherent  target  backscattered  wave 
segments  whose  coherence  with  cyclic  partners  is  lost  due  to  temporal 
atmospheric  evolution. 
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Figure  9.  F-^cFsc  term  represents  coherent  target  backscatter  which  is 
coherently  forward  scattered  tlirough  the  toirbulence. 

Coherent  power  received. 
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ABSTRACT 


A  phenomenological  model  is  developed  for  the  strength  and  spatial  width  of  the  backscanered  coherent  intensity  peak 
produced  by  reciprocal  path  scattering  through  atmospheric  turbulence.  The  model  is  applied  to  a  ground-based  monostauc 
laser  radar  ’tracking  a  space  target  under  optically  saturated  atmospheric  turbulence  conditions.  The  models  for  the 
amplitude  and  width  of  the  RPS  peak  are  based  upon  the  spatial  coherence  widths  of  the  propagating  fields  over  the  up-link 
and  down-link  pathc  within  the  atmospheric  turbulence  as  well  as  the  cross-sectional  area  of  the  up-link  beam. 

Keywords;  atmospheric  turbulence,  reciprocal  path  scattering,  enhanced  backscattering,  and  backscatter  amplification. 

1  INTRODUCTION 

A  ground-based  monostatic  laser  radar  transmits  a  Gaussian'^eam  through  atmospheric  turbulence  for  the  initial  portion  of 
the  up-link  propagation  path  to  a  space-borne  target.  The  scanered  fields  from  the  target  then  propagate  back  through  the 
same  turbulence  for  the  last  segment  of  the  down-link  path  to  the  transceiver.  Propagation  through  turbulence  degrades  the 
spatial  coherence  of  the  initially  coherent  beam  and  causes  it  to  spread  more  than  that  due  to  diffraction  .  Turbulence 
scattering  also  causes  the  intensity  to  fluctuate  erratically'^'®  at  the  transceiver  and  induces  fluctuations  in  the  received  angle 
of  arrival  information  for  target  position;  this  distorts  an  object’s  image  in  an  optical  system.  Atmospheric  turbulence 
reciprocal  path  scattering  (RPS).  however,  produces  a  spatially  coherent  average  intensity  component  at  the  transceiver  that 
may  be  exploited  by  reciprocal  path  imaging  (RPI)  applications"’'^  to  partially  mitigate  the  adverse  effects  of  scanenng  by 
turbulence. 

The  atmospheric  turbulence  scanering  theory^  necessary^  for  the  development  of  a  round-trip  propagation  model  is  first 
briefly  reviewed.  The  phenomenological  model  for  round-trip  propagation  through  saturated  turbulence  including  RPS  is 
then  derived  and  its  performance  evaluated  under  a  varies  of  propagation  emironments.  An  example  of  the  calculations 
required  to  evaluate  the  performance  of  this  model  is  also  included. 

7  ATMOSPHERIC  TURBULENCE  SCATTERING  'IHEORY 

The  scintillation  index  a",  (the  normalized  variance  of  the  intensitvO  pro\ides  a  measure  of  the  turbulence  strength'’'®,  the 
effects  of  which  are  commonly  classified  as  a®:  <  1.  cr^  -  1.  and  g',  >  1.  representing  weak,  strong,  and  saturated  turbulence 
conditions,  respectively.  A  theoretical  measure  of  the  strength  of  turbulence  scanering  is  the  Rytov  variance  ' ' '.  G'R.^For  a 
plane  wave  with  wavenumber  k  along  a  horizontal  propagation  path  (uniform  structure  constant  C;  )  with  length  L  g'r  is 

As  the  scanering  increases,  fluctuations  in  the  scattered  intensiw  increase;  the  conditions  of  samrated  turbulence  (g'i  >  1) 
are  the  subject  of  this  analysis. 
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In  addition  to  intensity  scintillation,  turbulence  inhomogeneities  produce  other  iinri<»cira^|A  upon  a  propagating  laser 
beam'"*  .  Forward  scattering  of  a  beam  propagating  through  turbulence  iTihnTnngpn>.;tiey  it  to  spread  beyond  the  free 
space  difiraction-limited  divergence'"^.  This  spreading  is  important  to  characterize  for  power  budget  calculations  since  up¬ 
link  beam  spreading  reduces  the  power  density  of  the  beam  incident  upon  the  target.  Beam  spreading  may  be  severe  for  the 
up-link  propagation  path  through  saturated  tuibulence;  however,  turbulence  induced  spreading  is  usually  negligible  relative 
to  the  target  scattering  for  the  down-link  echo  path.  Propagation  through  turbulence  also  produces  a  reduction  in  spatial 
and  temporal  coherence,  beam  wander,  and  beam  break-up  into  speckle.  Rp^itn  wander  is  caused  by  propagation  through 
large  turbulence  cells,  which  causes  the  spatial  location  of  the  beam  to  vary  at  the  target.  Beam  break-up  into  speckle  is  the 
result  of  propagating  through  refractive  inhomogeneities  that  are  smaller  than  the  beam. 


The  formulation  of  the  expressions  that  characterize  the  beam  propagation  through  turbulence  is  facilitated  by  first 
considering  the  free  space  propagation  parameters' ^  ^  for  a  diffiaction-limited  up-link  beam.  The  diffraction-limited 
Gaussian  beam  transmitter  parameters  are  given  by 

n,  =  l-^  and  =  ^  (2) 

kco^ 

where  ©o  and  o  are  the  transmitted  beam  radius  and  radius  of  curvature,  respectively.  For  a  collimated  Gaussian  beam 
with  ^  o  =  we  have  Ho  ==  1-  Here  L  is  the  vertical  or  slant  path  length  from  the  transceiver  at  an  altitude  to  the  target 
at  an  altitude  H  at  the  zenith  angle  ^ 


The  dlfuacuuii-Iiiiiiied  Gaossiaii  beaiu  Ciiaiacicrisiics  after  up-iink  propagation  through  free  space  are  then  conveniently 
expressed  in  terms  of  the  target  plane  beam  parameters 


klV‘ 


.and  ©  = 


where  IV  is  the  diffraction-limited  beam  radius  at  the  target  plane. 


For  Gaussian  beam  propagation  through  atmospheric  turbulence,  an  effective  propagating  beam  may  be  defined  that 
accounts  for  the  beam  spreading  and  beam  wander  produced  by  turbulence^'^.  The  long  term  average  effective  beam  spot 
size  (beam  radius),  for  a  beam  with  a  spot  size  in  free  space,  including  beam  spread  and  beam  wander  for  the  up-link 
propagation  path  through  turbulence.  fFj,  is  derived  from  the  average  on-axis  intensity  and  is  given  by^’®’^^ 

+  6.72  A  <''[(//  -  K)  sec  (^^)]"''  where  m,  =  ]c^„{h)dh  (5) 

Here  we  integrate  the  structure  constant  as  a  function  of  the  altitude,  h.  For  modeling  the  propagation  of  Gaussian 


beams  upward  and  downward  through  the  atmosphere,  we  use  the  Hufhagel-Valiey  day  model  for  the  dependence  of 
upon  altitude^’ 


(A)  =  0.00594  —  (lO*^/?)  exp  -  -r  2.7x10 


(6) 


where  h  is  in  meters  (m),  ws  is  a  high  altitude  wind  speed  (m/s),  and  is  the  ground  level  structure  constant  in  m'^^. 

Also  of  interest  is  the  short  term  average  beam  spot  size  that  includes  beam  spread  but  not  beam  wander,  i.e.  the  physical 
radius  of  the  effective  propagating  beam 

(7) 


The  short-term  average  up-link  Gaussian  beam  spot  size  defines  the  transverse  area  through  which  strictly  reciprocal  round- 
trip  propagation  paths  may  occur. 


When  an  initially  coherent  laser  beam  propagates  through  atmospheric  turbulence  it  suffers  a  reduction  in  spatial 
coherence.  The  transverse  field  spatial  coherence  width,  denoted  Aua-  describes  the  transverse  distance  about  the  center  of  a 
beam  (symmetric  about  the  optic  axis)  over  which  the  wavefront  remains  spatially  coherent^ during  a  single  passage 


SPIE  Vo/.  2828/439 


through  turbulence  inhomogeneities.  The  turbulence  field  spatial  coherence  width  is  defined  as  the  transverse  separation 
distance  between  two  points  on  a  wavefi-ont  at  which  the  field  mutual  coherence  function"*  decreases  to  He  of  its  maximum 
value,  and  may  be  determined  fi'om  the  wave  structure  function.  For  any  fixed  path  length  decreases  as  the  turbulence 
scattering  strength  increases. 


For  a  vertical  or  slant  propagation  path  through  the  atmosphere,  /turb  is  different  over  the  up-link  and  down-link  propagation 
paths.  This  is  due  to  being  strongest  near  the  ground  and  decreasing  with  altitude  up  to  about  20  km^*’’.  The  beam 
propagating  over  the  up-link  path  experiences  the  strongest  refractive  inhomogeneities  in  the  initial  portions  of  the  path  to 
the  target  whereas  the  strongest  turbulence  refractive  inhomogeneities  are  encountered  over  the  down-link  path  just  prior  to 
arrival  at  the  transceiver.  The  up-link  field  transverse  spatial  coherence  width  is  denoted  /up  and  its  value  at  the  target  plane 
denoted  Irjp.  Simiiarily  the  down-link  field  transverse  spatial  coherence  width  is  /down  and  at  the  transceiver  plane  /tcvr- 


The  up-link  field  spatial  coherence  width  for  a  path  through  saturated  turbulence  with  zenith  angle  is  given  by^ 


.1,16 


L 


,  =[l46A:^(»I2 


■  0.622  AfffJo)]’ 


cos 


‘(4) 


where 


^2  = 


1 


H-h 


lih-K)  Cl{h)dh 


and  where  mo  is  given  by  Eq.  6.  The  turbulence  effective  beam  parameter  at  the  target  plane  in  Eq.  8 

.  _  A 

1  +  L624(c4)  a 

is  formulated  in  terms  of  the  plane  wave  Rytov  variance^ 

I 


for  a  slant  propagation  path  through  the  atmosphere 


cTr,  =  225  A' sec 


7/6  ^^^11/6/- 


h-hy 


H-hJ 


(8) 


(9) 


(10) 


For  a  target  that  is  far  beyond  the  turbulence  layer,  the  down-link  field  transverse  spatial  coherence  length  of  a  spherical 
wave  is  accurately  approximated  by  the  plane  wave  ex^pression’  ’* 

Idown  =  (l.46  Too  )  coi'^  (11) 

The  spatial  coherence  width  models  for  the  up-link  and  down-link  waves  as  a  function  of  altitude  are  illustrated  in  Figure  1. 


3.  ATMOSPHERIC  TURBULENCE  RECIPROCAL  PATH  SCATTERING 


When  a  receiver  and  transmitter  share  a  common  optic  axis,  field  correlation  between  up-link  and  down-link  propagation 
paths  through  different  turbulence  inhomogeneities  produces  a  pronounced  peak  in  the  angular  distribution  of  scattered 
light  in  the  anti-incident  direction  that  is  known  as  the  backscatter  enhancement  (BE)  effecl^'^.  BE  is  also  referred  to  as 
backscatter  amplification  and  enhanced  backscaitering  in  the  scientific  literature.  Enhanced  backscatter  produced  by 
atmospheric  turbulence  was  first  predicted  by  Belen’kii*^  '^  and  experimentally  verified  by  Gurvich  and  Kashkarov^°*^\ 
Since  then.  BE  has  been  the  subject  of  many  experiments^'^  "* and  publications^"^^. 

The  strength  of  the  BE  produced  by  round-trip  propagation  through  atmospheric  turbulence  depends  upon  the  turbulence 
scattering  strength  as  w'ell  as  the  size  and  nature  of  the  target^'^-^^.  In  general,  the  enhancement  factor,  K  (the  factor  above 
that  received  from  the  target  for  a  bistatic  receiver)  depends  upon  the  path  integrated  turbulence  strength^  *^’^*  as 
conceptually  illustrated  by  Figure  2.  In  the  region  of  weak  scattering,  K  increases  from  unity  (no  enhancement)  as  the 
scattering  strength  increases  due  to  coherent  reciprocal  path  scattering  (RPS)  events.  For  strong  scattering  conditions  K 
reaches  a  maximum^*^'"^*^^  due  to  incoherent  random  focusing  (IRF).  with  values  of  typically  three  and  up  to  five  and  six. 
For  very  strong  scattering,  »  1.  the  intensity  scintillations  become  saturated  and  the  random  focusing  becomes 

negligible  such  that  K  asymptotically  decreases  to  two.  Although  the  enhancement  factor  does  have  a  dependence  upon  the 
nature  of  the  target  (mirror,  rough  surface,  or  comer  reflector),  here  w^e  take  the  target  to  be  a  1  m“  Lambertian  Surface- 

Reciprocal  path  scattering  produces  a  narrow,  pronounced  coherent  peak  in  the  backscatter  direction  that  is  superimposed 
upon  the  incoherent  component  of  the  angular  distribution  of  the  average  backscattered  intensit>^  For  this  analysis,  we 
alternatively  define  the  coherent  RPS  enhancement  factor to  theoretically  quantify  the  coherent  enhancement  due 
entirely  to  RPS  (neglecting  IRF)  to  be  given  by 
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(12) 


f  (4)  -*•  (4) 

(4) 

The  coherent  RPS  enhancement  factor  is  defined  to  be  the  sum  of  the  coherent  and  incoherent  average  intensity 
contributions  (neglecting  IRF)  normalized  by  the  average  incoherent  intensity  contribution.  As  illustrated  by  Figure  2,4at 
increases  from  unity  for  weak  turbulence  scattering  to  a  maximum  value  of  two  for  saturated  turbulence  scattering. 

The  RPS  peak  is  produced  by  the  constructive  interference  of  wave  pairs  that  traverse  reciprocal,  time-reversed,  scattering 
paths  through  different  turbulence  inhomogeneities  from  the  transmitter  to  the  monostatic  receiver^' .  as  illustrated  by 
Figure  3.  The  transverse  width  of  the  coherent  RPS  intensity  peak  in  the  transceiver  plane  is  designated  kjci,  which  is  not 
the  same  parameter  as  given  in  Equation  1 1 .  The  RPS  coherence  width  /cat  defines  the  transverse  distance  in  the 
transceiver  pupil  plane  over  which  positive  intensity  correlation  exists  between  the  up-link  and  down-link  propagation 
paths*  *  '*.  For  weak  turbulence  scattering*.  /tAT.weak  is  approximately  the  radius  of  the  first  Fresnel  zone  of  a  spherical  wave 
propagating  from  the  target  to  the  transceiver  »  .JTl  .  For  saturated  turbulence  scattering*  *  '*,  the  coherent  RPS 

width  /cat  is  approximately  the  field  transverse  spatial  coherence  width  at  the  transceiver  Itcvr,  i-c-  Lat  ”^tevr-  U'is  case, 
the  coherent  RPS  peak  that  is  produced  by  the  cross-interference  of  reciprocal  path  pairs  is  spatially  coherent  only  over  the 
distance  that  the  individual  fields  themselves  are  spatially  coherent.  The  width  of  the  RPS  peak  is  thus  narrower  for 
catiiratpri  nubulence  scattering  than  for  weak  scattering  conditions. 

4  PHENOMENOLOGICAL  MODEL  FOR  RPS  THROUGH  THE  ATMOSPHERE 

Based  upon  the  Gaussian  beam  model  and  turbulence  model  in  Section  2.  we  now  develop  a  model  for  the  RPS  that  is 
produced  by  the  up-link  and  down-Unk  propagation  through  the  atmosphere.  In  our  analysis  we  assume  the  transmitted 
beam  is  collimated.  The  waist  cOo.  of  the  collimated  transmit  beam  is  chosen  to  be  1  /  7t  times  the  transceiver  aperture 
HiampitPT  D,  to  yield  near  total  (99%)  power  transmission  through  the  circular  aperture*",  i.e.  =  D,  /  . 


In  this  analysis  we  assume  the  target  surface  to  have  a  Lambertian  spatial  distribution  such  that  the  backscattered  field  from 
is  entirely  due  to  the  superposition  of  the  single  scattering  events  on  the  surface  of  the  target  (no  multiple  scattering)  .  In 
this  case  the  average  intensity  backscattered  target  propagates  into  a  hemisphere  with  a  cosine  angular  dependence  as 
measured  from  the  surface  normal.  We  assume  the  target  is  in  space  well  beyond  the  atmosphere  hence  the  scattered  waves 
propagate  a  large  distance  through  free  space  and  then  downward  through  the  atmospheric  turbulence.  We  develop  a 
simple  model  for  general  analytical  predictions  based  upon  the  turbulence  propagation  phenomenology  to  predict  the 
amphtude  and  width  of  the  peak  of  the  angular  scattering  distribution  due  to  RPS.  The  amplitude  of  the  RPS  peak  is 
formulated  in  terms  of  the  up-link  and  down-link  transverse  spatial  coherence  widths  of  the  field  within  the  atmosphere, 
which  depend  upon  the  integrated  effect  of  the  nubulence  on  the  beam.  The  spatial  width  of  the  RPS  intensity  peak  in  die 
transceiver  plane  is  modeled  as  the  Airy^  diffraction  pattern  produced  by  the  down-link  wave  propagation  from  an  effective 
circular  aperture  located  at  a  reference  plane  (whose  location  is  discussed  below)  within  the  atmospheric  turbulence. 


Since  the  RPS  peak  is  produced  by  the  cross-interference  of  components  of  the  field  that  traverse  different  up-link  and 
down-link  propagation  pathc  through  the  extended  atmospheric  turbulence  in  reciprocal  directions*  *,  we  initially  exarmne 
the  up-link  and  down-link  transverse  spatial  coherence  widths  /up  and  /<jou«.  given  by  Eqs.  8  and  1  Ito  develop  a 
phenomenological  model  for  RPS.  After  an  initial  decrease,  /up  increases  as  a  beam  propagates  upward  through  the 
atmosphere  due  to  diffraction  and  a  decrease  in  turbulence  with  altitude.  In  contrast,  the  down-link  field  spatial  coherence 
width,  /<io»r-  decreases  monotonically  as  the  field  propagates  through  the  atmosphere.  As  shown  in  Figure  1.  at  some  plane 
normal  to  the  propagation  path  within  the  atmosphere,  /up-  (h)  =  iTi)  =  /-.  The  altitude  at  which  these  spatial  coherence 
widths  are  equal.  //-.  is  referred  to  as  the  location  of  the  equal  coherence  plane,  which  is  obtained  by  iterative  numerical 
integration  of  Eqs.  8  and  11  over  the  propagation  paths.  The  short  term  average  up-link  beam  spot  size.  W-.  at  the  altimde 
H’.  which  is  determined  by  the  evaluation  of  Eq.  7.  defines  the  physical  radius  of  the  up-link  beam  in  the  equal  coherence 
plane  and  the  transverse  aiea.A-  through  which  strictly  reciprocal  propagation  paths  occur,  as  illustrated  by  Figure  4. 

We  now  imagine  that  the  backscattered  intensity  components  arriting  at  the  transceiver  plane  have  propagated  through 
distinct  turbulence  coherence  cells  in  the  equal  coherence  plane  for  the  up-link  and  down-link  paths.  The  area^ctii,  of  a 
coherence  cell  in  this  plane  is  defined  by  the  transverse  spatial  coherence  width.  /-.  at  the  altitude  H-.  These  coherence  cells 
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are  taken  to  be  distributed  within  the  physical  cross-sectional  area.  of  the  up-link  beam  at  the  altitude as  illustrated 
m  Fipre  5.  Figure  6  iU>^ates  the  possible  up-Unk  and  down-link  paths  through  several  coherence  cells  with  area,  A  „ 

thpr°“ ™ake  the  round-trip  to  and  from  the  target  through  the  same  coherence  'cell 
conmbute  to  Ae  average  incoherent  scattered  intensitj-.  The  RPS  peak  is  produced  by  the  cross  interference  offield 
components  that  make  the  round-tnp  through  different  cells  in  the  equal  coherence  plane  but  in  reciprocal  directions. 

From  Eq.  12.  the  enhancement  factor  for  this  model  is  given  by^ 

<15) 

Where  /leeiu  is  the  number  of  discrete  coherence  cells  within  the  cross-sectional  area  of  the  up-link  beam  at  the  eaual 
coherence  plane.  A  simple  approximation  for  is  given  by  -A./A^,:  however,  this  neglects  the  fact  diat  the  cells 
are  non-overlapping,  as  illustrated  pre\iously  in  Figure  5.  and  thus  overestimates  n„iis  •  Since  the  spatial  coherence  width  is 
^mum  when  measured  symmetncally  about  Ae  beam  optic  axis  and  decreases  at  the  beam  edges,  the  spatial  coherence 
should  decre^e  near  the  beam  edge  •  .  The  assumption  of  identical  cell  areas  within  the  entire  beam  cross- 
secuon  m  the  equal  coherence  plane  thus  partially  compensates  for  the  non-overlapping  cell  areas  in  our  approximation. 

The  diameter  of  the  effective  coherent  RPS  aperture  is  simply  the  diameter  of  the  transverse  up-link  beam  area  at  the 
equal  coherence  plane,  through  which  reciprocal  paths  exist,  i.e.  =  2  IF. .  With  this  model  the  predicted  transverse 
width,  /rps,  of  the  coherent  RPS  peak  in  the  transceiver  aperture  plane  is 


^ftps  —  2.44  - =  L22  —  ^ 


(14) 


where  I-  is  the  propagation  path  length  through  the  atmosphere  to  the  equal  coherence  plane,  i.e.  /  cos  and 

5sp  is  the  zenith  angle.  ' 

5JjUMERICAL  EXAMPLE  OF  RPS  IN  TRACKING  A  SPACE  TARGET  THROUGH  -njRRTTT.KNrF 

m  this  section.  We  first 

n  ^  propagaoon  parameters,  then  the  average  incoherent  intensity  backscattered  to  the  transceiver  bv  a 
JS  detenmned.  The  necessaiy'  calculations  are  then  performed  to  predia  the  strength  and  ' 
spatial  width  of  the  average  coherent  RPS  intensity  component  in  the  transceiver  plane. 

T  ^  ^°“d-based  monostatic  laser  radar  operating  at  1.064  pm  and  a  I  m"  space  target  that  is  just  above  the 
horizon.  A  collimated  beam  exits  the  transceiver  aperture  at  an  altitude  ofh,  =  2  m  above  the  ground  and  propagates 
ow^d  a  ^get  at  300  km  300  km)  at  a  zenith  angle  of  =  86=.  The  strucmre  constant  of  the  niibulLSTgrLd- 

e\el  IS  1.9  x  10  m  and  the  high  alutude  wind  speed  at  10  km  is  u-s  =  21  m/s.  The  scintillation  index  of  the 

intensity  flucnrations  on  the  axis  of  the  beam  is  first  verified  to  be  saturated  in  the  target  plane.  Taking  the  transceiver 

Eq-  8  to  be  /^  -  L476  m  and  the  down-link  field  transverse  spatial  coherence  width  in  the  transceiver  plane  is  calculated 
from  Eq.  1 1  to  be  =  U3  cni  The  physical  beam  radius  (i.e.  the  shoit  term  average  spot  size  which  neglects  beam 
wander  effects)  of  the  up-link  beam  in  the  target  plane  is  from  Eq.  7.  given  by  W  =  493.672  m 

The  spati^ly  incoherent  component  of  the  average  backscattered  intensity  </.,  (e,)>  produced  by  the  self-interference  of  the 
fiel^  mcident  at  Ae  transceiver  plane  is  assumed  to  have  the  cosine  angular  distribution  produL  bv  a  Lambertian 

Ih  “  a  homogeneous  medii^.  The  fields  backscattered  from  the  Lambertian  target  that 

propagate  through  the  same  up-link  and  down-link  cell  in  the  equal  coherence  plane  produce  an  incoherent  average 
mtensit\’  contnbuDon  in  the  transceiver  pupil  plane  that  is  expressed  as  ® 


ic,SC 


^^cclls 

1?  ' 


I,  cos{e,) 


(15) 
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where  the  intensitv  of  the  beam  incident  upon  the  target/,  is  a  funcUon  of  W,.  Similarily.  the  average  incoherent  mtensity 
contribution  prodLd  by  the  self-interference  of  the  scattered  fields  that  propagate  through  different  up-link  and  down-hnk 
coherence  cells  in  the  equal  coherence  plane  is  expressed  as 


/r  /^  \\  ^ccllsj^cclls  0^7 
Yic.DC  [^sj)  -  r2 


-I,  COs{e,) 


The  average  incoherent  intensity  component  in  the  aperture  plane  of  the  transceiver  is  the  sum  of  these  contributions  given 
by  Eqs-  15  and  16 


(4(^,))  =  (4.sc(A))  +  (4.oc(^,))  = 


^ec/is 


I,  cos{e,) 


To  derive  an  expression  for  the  average  coherent  RPS  intensity  component  a  series  of  calculations  must  be 

nredict  the  suength  and  transverse  width  of  the  coherent  RPS  peak  in  the  transceiver  s  aperture  plane.  We  first  calculme 

L  altitude  of  thfequal  coherence  plane.  By  successive  numerical  iterauon  of  Eqs.  8  and  U  this^umde  is 

be  Hm  =  10.49  km  and  the  field  spatial  coherence  width  in  the  equal  coherence  plane  is 

strength  of  the  coherent  RPS  peak  relative  to  the  incoherent  background  depends  upon  the  number  of  cells  in  the  equal  ^ 
coherence  plane  and  the  spatial  coherence  width  is  /•  =  9.57  cm.  the  area  of  the  coherence  cells  is  -ttL  -  287  cm 
The  short  term  average  up-link  beam  spot  size  at  the  equal  coherence  plane,  which  defines  the  area  over  which  reciprocal 
propagation  paths  may  occur,  is  calculated  from  Eq.  7  to  be  W.  =  1721  m  and  the  corresponding  area  is 
A.  =  7iW}  =  930.64  m’ .  The  number  of  equal  coherence  plane  cells  through  which  reciprocal  paths  may  occur  is  then 
n  ^  A^f  A  »  32378  and  the  coherent  RPS  enhancement  factor  is  from  Eq.  13  given  by 

(4  i^s  =  0))  _  i-^c.AT  -  0))  (-^fC  =  Q))  _  2 _ L_  _  199997  (18 

fc.Ar  -  .  -  .  > 


(4(^.  =  o)) 


(4(^'.=o)) 


■  =  1.99997 


The  transverse  width  of  the  coherent  RPS  peak  in  the  transceiver  plane  /c>t,  which  is  defined  by  the  ^ 

transverse  coherence  length  at  the  transceiver  for  saturated  turbulence  scattering  -  is  rnodeled  as  the  zeroth 

order  lobe  rfthe  Airv  diffraction  pattern  produced  by  an  effective  coherent  RPS  aperture  located  in  the  eq^  coherence 
Se  The  ^er  of  the  effecfive  coherent  RPS  aperture  is  taken  to  be  twice  the  spot  size  of  the  up-hnk 
Lual  coherence  plane.  The  predicted  width  of  the  coherent  RPS  peak  in  the  transceiver  aperture  plane  is  given  by  Eq.  14 
ht  V,  =  L134  cm  .  This  simple  estimate  for  the  width  of  the  coherent  RPS  peak  provides  excellent  agreement  with  the 

value  above  Acvr  =  1-133  cm  obtained  numerically  from  Eq.  1 1. 

Using  this  approach,  the  average  intensity  component  in  the  transceiver  aperture  plane^'  that  is  produced  by  the  effecuve 
coherent  RPS  aperture  is  given  by 


(Po)  ~  .  -t  r  j 


where  L-  is  the  propagation  path  length  to  the  equ'al  coherence  plane.  The  effective  coherent  RPS  aperture  is  utilized  in  this 
model;  however,  onlv  to  predict  the  transverse  width  of  the  coherent  RPS  peak  m  the  transceiver 

amplitude  factor  of  this  effective  aperture  is  normalized  to  unity.  Since  we  desire  the  transverse  width  of  the  coherent  RPS 
peak  to  ultimately  be  expressed  in  terms  of  the  scattering  angle  from  the  target.  Eq.  19  is  rewnnen  as 


2,i^Itan(e,) 

1=^  4— bF - 

tan  44 
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The  average  coherent  RPS  intensity  component  produced  by  the  cross-interference  of  scattered  fields  firom  the  Lambertian 
surface  that  propagate  in  reciprocal  directions  through  different  up-link  and  down-link  coherence  ceUs  in  the  equal 
coherence  plane  is  therefore  given  by 

(21) 


and  is  shown  in  normalized  form  by  Figure  7  versus  radial  position  in  the  transceiver  aperture  plane. 


{I. A,  («.))  -  cos(e.) 


kW. 


Lxan{d^) 


kW. 


L\za{e,) 


The  average  total  observed  intensity  for  this  example  is  now  formulated  from  the  results  of  the  preceding  discussions.  The 
average  total  intensity  is  from  Eqs.  17  and  21 

! 

(1.  W)  =  (I.  W)  ^  (4.,  W)  °  W  ^  •"-  I.  ‘OsiO.) ■ 


9 _ 

^  L\2R{e) 

—  Ltan{e,) 

=  7,  cos  1 1  + 


J,[^Z,tan(0,) 


•“ceUs 


1  kW, 


(22) 


Ltan(^J 


It  is  interesting  to  note  that  this  expression  agrees  correctly  with  the  previous  expression^  Eq.  13  for  the  coherent  RPS 
enhancement  factor 


fc 


c.AT 


(4:(^.=0))  ■ 

(4(^.  =  o)) 


^  ^'^cclls  1  _  2 _ 

^celh 


^^ceUs 


(23) 


This  model  is  seen  to  provide  an  excellent  approximation  to  the  effect  of  RPS  on  the  average  total  observed  intensity  for  the 
propagation  environment  of  this  example,  as  illustrated  by  Figure  8. 


The  performance  of  this  model  is  now  investigated  for  other  propagation  environments  by  varying  the  zenith  angle,  the 
ground-level  structure  constant  of  the  refractive  index  fluctuations,  and  the  high  altitude  wind  speed  at  10  km.  The  various 
cases  that  are  examined  and  presented  in  Table  1  are  organized  as  follows.  The  ground-level  structure  constant 
assumes  the  values  1.0  x  m‘^^,  5.0  x  m'“\  and  1.0  x  10'^^  and  the  high  altitude  wind  speed  ws  assumes  the 
values  21  m/s  and  30  m/s,  respectively.  For  each  of  the  possible  combinations  of  ground  level  structure  constant  and 

high  altitude  wind  speed  ws  above,  the  slant  path  zenith  angle  ^  is  incremented  in  degrees  when  it  is  large  enough  to 
produce  saturated  turbulence  effects  at  the  target  and  until  the  up-iink  field  transverse  spatial  coherence  width  at  the  target 
plane  decreases  to  one  meter. 


6.  CONCLUSION 


The  results  of  this  analysis  indicate  that  the  phenomenological  model  for  RPS  presented  in  this  analysis  provides 
surprisingly  accurate  predictions  for  a  variety  of  saturated  turbulence  propagation  environments.  One  may  wonder  what 
benefit  is  provided  by  the  phenomenological  model  presented,  since  the  strength  of  the  RPS  peak  approaches  two  under 
saturated  turbulence  conditions,  and  the  width  of  the  RPS  peak  is  predicted  by  the  down-link  spatial  coherence  width.  The 
answer  is  that  the  phenomenological  turbulence  RPS  model  herein  may  be  combined  with  another  phenomenological  model 
for  the  RPS  produced  by  backscattering  from  a  non-Lambertian  rough  target.  Since  Lambertian  surfaces  are  only  a 
theoretical  modeling  tool  and  do  not  occur  naturally,  a  laser  radar  tracking  a  space  target  receives  RPS  contribution  from 
both  atmospheric  turbulence  scattering  as  well  as  rough  target  scattering^^.  The  phenomenological  model  for  rough  target 
RPS,  as  well  as  the  combination  of  atmospheric  turbulence  RPS  and  rough  target  RPS  is  the  subject  of  future  publications. 
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Table  1.  Atmospheric  turbulence  RPS  model  performance  for  various  propagation  environments. 


Ground-level 

High 

Slant  path 

Transceiver 

Equal 

Numerical 

Phenomeno¬ 

structure 

altitude 

zenith 

diameter 

coherence 

RPS  peak 

logical  RPS 

constant 

wind  speed 

angle 

Dx(mm) 

altitude 

width 

peak  width 

ws  (m/s) 

ip  (deg) 

/f-(km) 

/tcvr(mm) 

/rps  (mm) 

1.0  X  lO''*' 

21 

86 

15 

10.5 

14.92 

16.7 

87 

12 

10.6 

12.56 

13.46 

88 

10 

10.5 

9.85 

11.1 

30 

85 

16 

11 

16.2 

17.92 

86 

14 

11.1 

14.17 

15.67 

5.0  X  10-''' 

21 

85 

8 

10.4 

7.92 

8.87 

86 

7 

10.4 

6.93 

7.76 

87 

6 

10.4 

5.83 

6.63 

88 

4 

10.4 

4.58 

4.53 

30 

84 

8 

11 

8.71 

9.02 

85 

7 

11.1 

7.81 

7.92 

86 

6 

11 

6.83 

6.8 

1.0  X  10''^ 

21 

85 

5 

10.2 

5.39 

5.62 

86 

4 

10.2 

4.71 

5.49 

87 

4 

10.3 

3.97 

4.43 

88 

3 

10.3 

3.11 

3.35 

30 

84 

6 

10.9 

5.96 

6.66 

85 

5 

10.9 

5.35 

5.61 

86 

4 

11 

4.68 

4.55 
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Figure  1.  Comparison  of  the  up-link  and  down-link  field  spatial  coherence  widths  versus  altitude  for  a  1.064  (im  laser  radar 
with  a  transceiver  aperture  diameter  ~  1  cm  at  an  altitude  A®  ~  2m  for  a  path  zenith  angle  =  86°,  a  ground  level 
structure  constant  =  1.9  x  10"'^  m'^,  a  high  altitude  wind  speed  ws  =  21  m/s,  and  a  target  altitude  H  =  300  km. 
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Figure  2.  Comparison  of  the  traditional  backscatter  amplification  factor  K  with  the  coherent  RPS  enhancement  faaor/=jM 
when  incoherent  random  focusing  is  neglected  (solid)  and  included  (dashed)  K  and/cj,T  are  equivalent  when  incoherent 
random  focusing  is  neglected. 
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Tuibulence 


Figure  3.  Coherent  RPS  is  produced  by  the  cross-interference  of  fields  that  propagate  in  reciprocal  directions  through 
different  turbulence  inhomogeneities  over  the  up-link  and  down-link  propagation  paths  to  and  from  the  target,  respectively. 


Figure  4.  The  area  of  the  up-iink  beam  A  •  defines  the  cross-sectional  area  at  the  equal  coherence  plane  through  which 
strictly  reciprocal  propagation  paths  may  occur.  The  location  of  the  equal  coherence  plane  within  the  atmosphere  is 
obtained  by  determining  the  altitude  //•  for  the  round-trip  propagation  path  at  which  the  up-Iink  and  down-link  field  spatial 
coherence  widths  are  equal. 


Figure  5.  The  coherence  cells  are  identical  and  randomly  distributed  within  the  cross-sectional  area  of  the  up-link  beam 
at  the  equal  coherence  plane.  The  area  of  a  coherence  cells  Accii  is  defined  by  the  up-link  and  down-link  field  spatial 
coherence  length  /•  at  the  equal  coherence  plane. 
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Figure  6.  The  up-link  and  down-link  round-trip  propagation  paths  to  and  finm  the  target  through  the  turbulence  occur 
either  through  the  same  coherence  cell,  or  throu^  different  coherence  cells  in  the  equal  pian^ 
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Figure  7.  Normalized  average  coherent  RPS  intensity  component  versus  radial  position  in  the  transceiver  aperture  plane. 
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Figure  8.  Normalized  average  total  intensity  versus  radial  position  in  the  transceiver  aperture  plane. 
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